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1 Introduction 
1.1 Transmissible spongiform encephalopathies 
Transmissible spongiform encephalopathies (TSEs) are a group of infectious neurodegenerative 
diseases affecting many mammalian species, including humans and cattle. The list of human TSE 
includes sporadic, familial, iatrogenic, and variant CJD (sCJD, fCJD, iCJD, and vCJD, 
respectively[1, 2], Gerstmann-Sträussler-Scheinker syndrome (GSS) [3]; sporadic and familial fatal 
insomnia (sFFI and FFI), respectively) [4] (Figure 1-1).  
Figure 1-1: Transmissible spongiform encephalopathies (TSEs) 
In animals, the TSEs are propagated as Scrapie in sheep, goats and moufflons [5], bovine 
spongiform encephalopathy (BSE) in cattle [6], transmissible mink encephalopathy (TME) [7], 
chronic wasting disease (CWD) in mule, deer and elk [8] (Figure 1-1). 
Although the infectious nature of the TSEs was established in the 1930s, it is still not firmly proven 
which agent is responsible for the transmission of the disease. These diseases were thought to be 
caused by ‘‘slow viruses’’ because the ‘‘infectious’’ agents that transmit these diseases are possible 
to filter and incubation times are typically months to years. Several unconventional properties 
regarding the transmissible agent, such as  
(i) resistance to high temperature 
Prion Protein  Introduction 
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(ii) high pressures [9],  
(iii) formaldehyde treatment, 
(iv) UV-radiation [10] 
added to the obscurity of these diseases [11].  
The scrapie agent is characterized by its ability to induce a well-defined neurological condition after 
a predictable, prolonged asymptomatic incubation period [12]. Many structures have been proposed 
as hypothetical carriers of TSEs [13].  
The most widely discussed at present is the prion hypothesis. In 1982 Prusiner introduced the term 
“Prion” to describe a hypothetical “small proteinaceous infectious particle which is resistant to 
inactivation by most procedures that modify nucleic acids”[11] 
The molecular mechanisms fundamental to such contradictory associations in prion diseases have 
been revealed over the past two decades, beginning with the discovery that the ‘‘infectious’’ agent 
that transmits scrapie is composed largely, if not entirely, of a protease-resistant, 27-kDa to 30-kDa 
protein [12]. The infectious particle was designated a ‘‘prion’’, an acronym for proteinaceous 
infectious particle, to distinguish it from conventional pathogens such as viruses and bacteria.  
The essential component of prions is the scrapie prion protein (PrPSc or PrPres, for the protease-
resistant form). PrPSc is chemically indistinguishable from the normal, cellular prion protein (PrPC, 
or PrPsen, as it is sensitive to proteases) [14]; however, their secondary and tertiary structures differ 
[15, 16].  
PrPC is a monomeric, glycosylated, glycosylphosphatidylinositol (GPI)-linked extracellular protein 
that appears to play a role in signal transduction [14] and/or in the maintenance of the proper copper 
ion concentration [16].  
Residues in close proximity to the C-terminal end of PrPC have been associated with PrPSc binding, 
which is subsequently followed by conversion of PrPC [17]. A confounding factor in conversion is 
that PrPSc is conformationally heterogeneous, which appears to be important in determining strain 
differences and perhaps species barriers [18, 19]. Unfortunately, high-resolution structures exist 
only for portions of PrPC (Figure 1-2).  
Prion Protein  Introduction 
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Figure 1-2: Model of the soluble prion protein [20]. 
In contrast, PrPSc adopts an oligomeric arrangement and has no known function. Fourier transform 
infrared (FTIR) and circular dichroism spectroscopy (CD) studies indicate that PrPC is highly 
helical (42%) with little β-sheet structure (3%) [16a]. Moreover, PrPSc contains less helical structure 
(30%) and a large amount of β-structure (43%). PrPC can be converted to the lethal PrPSc 
conformation on contact with PrPSc [21]. These results, and others, suggest that a conversion of α-
helices to β-sheets is a critical feature in the formation of PrPSc from PrPC and that the protein can 
aid in its own conversion [21b].  
Several mechanisms have been proposed for the spontaneous and/or assisted conversion of 
endogenous PrPC to PrPSc [21b]. 
The cause for the misfolding/aggregation of the host proteins at a molecular level is unknown and 
occurs spontaneously (sporadic type) or can be attributed to genetic reasons (familial type).  
Strikingly different from other neurodegenerative diseases, TSEs are also infective (iatrogenic type) 
and can be transmitted via transplants, contaminated biological products from cadavers, blood 
transfusion, contaminated surgical instruments and ingestion of infected materials. The latter has 
been observed in humans after consumption of cattle affected by BSE and has been termed vCJD 
[22]. 
Therefore, prion is supposed to be a protein derived from the prion protein (PrP) gene, a normal 
protein-making gene common to birds and mammals [23]. The PrP gene, encodes the production of 
a protein called cellular prion protein (PrPC). Once the disease-causing conformer of the PrP (PrPSc) 
Prion Protein  Introduction 
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enters the body, the normal PrP genes start producing the prion protein isoform-PrPSc, which 
accumulates in the brain and causes its degeneration and death of the humans or animals. 
Furthermore, PrPSc can interact with the PrPC expressed by mammalian cells and cause the PrPC to 
take on an identical β-sheet conformation, which starts off a self perpetuating process that results in 
increasing PrPSc concentrations and prion infectivity titres [24]. That a protein can have the ability 
to adopt two conformations without chemical modification is not a feature restricted to PrP. For 
example, several other proteins involved in the pathogenesis of diseases called “protein misfolding 
disorders” (PMDs) have also been shown to display this property under certain circumstances, for a 
review see. Furthermore, the prion concept has been extended to explain three unusual genetic 
elements of the yeast Saccharomyces cerevisiae and one of the filamentous fungus Podospora 
anserina. The three yeast proteins - the nitrogen regulatory protein (Ure2p), the ribosome 
termination factor (Sup35), a non essential protein of unknown function denoted Rnq1, and the Het-
s protein in P. anserina - have prion-like characteristics. 
Like prions they:  
• can undergo conformational changes,  
? acquire β-sheet structure 
? self aggregate into intracellular, β-rich, protease-resistant agglomerate.  
From studies of mammalian and yeast prions four new concepts have crystallized.  
First, the only known pathogens that are devoid of nucleic acids are prions. All other infectious 
agents possess genomes that direct the synthesis of their progeny.  
Second, like other neurodegenerative disorders, prion diseases can manifest as either sporadic or 
genetic diseases. Unlike other neurodegenerative disorders, however, prion diseases can be 
infectious – infectious prions are formed irrespective of the initiating molecular event.  
Third, neurodegeneration in prion diseases results from the accumulation of PrPSc or some abnormal 
conformer of PrPC, and PrPSc is almost invariably detected in prion-infected tissues and cells, which 
because of its high β-sheet content, is relatively resistant to degradation by cells, including neurons. 
Fourth, PrPSc can take on a range of pathogenic conformations that give prions the strain features 
associated with different disease phenotypes [25]. 
Since the vCJD outbreak in the United Kingdom, three cases of probable vCJD transmission from 
presymptomatic human blood donors have been reported [26]. These three cases, coupled with the 
long incubation time of the disease, highlight the need for sensitive new diagnostics that can 
accurately screen presymptomatic samples.  
Prion Protein  Introduction 
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Reagents capable of discriminating the two structurally distinct molecules are invaluable research 
tools. Unfortunately, the majority of all prion protein (PrP) antibodies recognize PrPC or both PrPC 
and PrPSc. 
The term prion, however, is frequently used to signify the infectious TSE agent, regardless of its 
composition or structure [27]. 
PrPsC is synthesized from the normal cellular isoform PrPC by a post-translational process that 
probably occurs in endosomes [28]. Attempts to identify a post-translational chemical modification 
that features in the conversion of PrpC into PrPSc have been unsuccessful [29]. These findings raised 
the possibility that PrPSc differs from PrPC only with respect to conformation. Many properties of 
PrPSc differ from those of PrPC: 
• PrPSc is insoluble in detergents, while PrPC is readily solubilized under nondenaturing 
conditions [30];  
• PrPSc is partially hydrolyzed by proteases to form a fragment designated PrP 27-30, while PrPC 
is completely degraded under the same conditions [31];  
• PrPSc accumulates, whereas PrPC turns over rapidly [28a]; 
• the patterns of PrPSc accumulation in brain are distinct from the distribution of PrPc [32]  
The PrP has a dual physiological nature: it has a “normal”, not yet defined, cellular function; it is 
associated with the propagation of the TSEs in infected individuals.  The biological role of the PrPC 
is still unclear. Current hypotheses include:  
? protective function against oxidative stress [33],  
? regulation of copper homeostasis [34], 
? involvement in cell adhesion processes or cell signaling activity [35].  
It is also unclear, what is the pathogenic function of PrPSc.  
Structure of the cellular prion protein PrPC: The secondary structure of PrPC has been analysed by 
circular dichroism (CD) and by Fourier-transform infrared (FT-IR) spectroscopy, revealing a 
predominance of α-helical content (42%) but a little β-sheet, too (3%) [36]. Additional studies, 
using high-resolution nuclear magnetic resonance (NMR) spectroscopy of the intact polypeptide 
chain of recombinant hamster PrP, showed a three-dimensional structure, consisting of two 
distinctly different chain segments of approximately equal size. The C-terminal half of the 
polypeptide chain forms a well-structured globular domain, whereas the N-terminal half forms a 
flexible extended “tail” (Figure 1-3) [37].  
Prion Protein  Introduction 
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Figure 1-3: Tertiary structure of the PrP [38] 
The globular domain comprises a core and a largely unstructured N-terminus. The transition region 
between the core domain and the flexible N-terminus, i.e., some residues, does not adopt any 
regular secondary structure. The globular core consists of three α-helices, two short antiparallel β-
strands and α helical turn, between β2 and helix α2. Helices α2 and α3 are linked by a loop formed 
by a disulfide bond between two Cys residues [39]. 
Conversion of PrPC to PrPSc: The conversion of PrPc into its pathological isoform is a post-
translational event that occurs after the precursor reaches the cell surface [40]. Presumably, the PrPC 
unfolds to some extent, binds specifically to the PrPSc, and refolds under its influence [41]. 
Aggregates of 12-24 PrP molecules appear to be the most efficient initiators of the conversion 
process [42] possibly serving as seeds [43]. However, additional “supporting” factors such as 
chaperons [44], specific raft domains of the membrane [45] or even nucleic acids [46] may be 
required for the process of in vivo conversion. 
The alteration of PrPC into PrPSc is conformational [47] and involves a substantial increase in the 
amount of the β-sheet structure of the protein, with a small decrease in the amount of the α-helix. 
Infrared spectroscopy indicates 30% α-helix, 43% β-sheet, 11% turns and 16% random coil 
structural composition for PrPSc, and 25% α-helix, 54% β-sheet 9-10% turns and 11-16% coil 
structural content for PrP27-30 [48, 16] Two-thirds of the β-sheet absorption is localized in a region 
Prion Protein  Introduction 
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that often reflects intermolecular associations characteristic for amyloids [48]. The generation of the 
PrPPSc isoform involves primary changes in the N-terminus of the protein, including folding of a 
portion of the N-terminal tail from residues 90 to 121 and part of the first α-helix into a β-sheet, 
while the C-terminal α-helices remain unchanged [49]. PrPSc aggregates are hydrophobic and 
characterized by a strong tendency for aggregation with one another and with various cellular 
components. In contrast to PrPC, whose half-life is of 4 to 6 h [50], PrPSc appears to be 
metabolically stable for a period of about 24 h [51]. Consequently, PrPSc-that, like the full-length 
PrPC has a molecular weight of 33-35 kDa [52], undergoes a proteolytic cleavage that removes a 
part of the N terminus within the region attacked by Proteinase K (PK) yielding a core protein with 
a molecular weight of 27-30 kDa-PrP27-30 [53]. PrP27-30 was first co-purified with infectivity in 
extracts derived from brains infected with the 263K strain of the scrapie agent [54]. The presence of 
PrP27-30 in fractions enriched for scrapie infectivity was accompanied by the identification of rod-
shaped particles, measured 10 to 20 nm in diameter and 100 to 200 nm in length [54b,c]. These 
particles can be visualised by electron microscopy as amyloid fibrils known as scrapie-associated 
fibrils [55] or more widely, as prion rods [54]. The prion rods as all amyloid fibrils display 
pathognomonic green birefringence when viewed in polarized light after staining with Congo red 
[51c, 56]. 
Structural diversity of PrPSc from different TSEs strains: The possibility for the existence of 
multiple conformations of PrPSc was suggested after the observations that PrP27-30, associated with 
different strains of TSE, is cleaved at different N-terminal sites by PK. This was first documented 
with the Hyper (HY) and Drowsy (DY) strains of TME passaged in hamsters [57]. In SDS-PAGE 
analysis, PK treated PrPSc from HY-infected hamsters appears to have a ~2 kDa greater molecular 
mass than the PK treated PrPPSc from DY-infected hamsters. N-terminal sequencing revealed that PK 
cleaved additional residues from the N-terminus of DY PrP27-30 compared to HY PrP27-30. Since 
the DY and HY PrP27-30 molecules are derived from the same Syrian hamster PrPC precursor, the 
conclusion was that the observed differences in cleavage by PK were due to strain-dependent 
differences in the conformation and/or ligand (i.e. metal ions) binding [57, 58]. The acquisition of a 
different structure by PrPSc could be a result of different posttranslational modifications-
glycosylation, endosomal-lysosomal digestion of the newly synthesized PrP molecules in different 
cell types supporting different TSE infections, which leads to differences in the biochemical 
properties of PrPSc [57]. The conversion of PrPC to PrPSc is a dynamic process and, for unclear 
reasons the distribution of the spongiform change and PrPSc deposition varies among prion strains. 
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An obvious explanation is that the transformation efficiency in any given brain region depends on 
favourable interactions between conformations of PrPC and the prion strain being propagated within. 
By using specific monoclonal antibodies [59] it was established, that PrPC variants i.e. glycoforms, 
and truncated forms, are indeed structural conformers, and some of them are differentially 
expressed in different regions of the mouse brain. This suggests that variation in the expression of 
the PrPC conformations in different brain regions may dictate the strain properties of PrPSc. 
However the variation of PrPSc conformation could be also due to self propagating activity of the 
TSE strain specific conformation [60]. The structural diversity of prion strains becomes “visible” by 
Fourier transform infrared (FT-IR) spectroscopy studies of PrPSc and PrP27-30 derived from 
different TSE strains adapted to Syrian hamsters. These studies showed that the secondary structure 
characteristically differs between various TSE agents and that the strain differences are “encoded” 
mainly in conformational variations of the β-sheet structure [60] as well as in other secondary 
structure components such as α-helices and turns [61]. Recently, related but subtle differences have 
been reported among spectra of various strains of mouse PrPSc [62]. Evidence for multiple strain 
differences in PrPSc conformation has also been obtained with multispectral ultraviolet fluorescence 
spectroscopy [63]. However, the most detailed investigation of the conformational diversity in PrPSc 
has been performed by highly sensitive conformation-dependent immunoassay developed by Safar 
and co-workers [64]. This immunoassay quantifies PrP isoforms by parallel analysis of denatured 
and native forms of the protein with specific antibodies. The ratio of antibody binding to 
denatured/native PrP showed a characteristic protein conformation for eight prion strains 
propagated in Syrian hamsters [64]. 
FTIR spectroscopy for TSEs strain differentiation: The investigation of the biological properties 
of TSE isolates in mice is currently the only reliable method of TSE agent strain typing [65]. 
However such a method is time- and cost-consuming and requires extremely large numbers of 
animals [66]. Furthermore, not all scrapie strains are readily transferred to experimental animals. 
Due to selection, adaptation or variation during the passaging process, the strains finally 
characterized may not be representative of the original infective material [65b]. Moreover, because 
the incubation period, clinical representation, histopathology and some of the properties of PrP27-
30 overlap when different strains are compared they cannot be used for definitive strain typing [61]. 
To overcome these problems a method that recognizes unique strain specific differences is required 
for direct and reliable strain discrimination. The biochemical behavior of PrPSc under denaturing 
conditions could provide a biochemical means for further characterization of different natural 
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scrapie isolates [67]. Also the secondary structure of the PrPSc or PrP27-30 appears to be a strain 
specific characteristic of the TSE agent [65, 61]. Therefore, methods based on the differentiation of 
structural and/or structural stability variations between purified disease associated PrP isoforms, 
should provide sufficient information for the discrimination of TSEs strains. In contrast to X-ray 
crystallography and NMR spectroscopy, InfraRed (IR) spectroscopy can not reveal a 3D image of a 
protein structure, and is limited to the determination of the secondary structure. However using IR 
spectroscopy, the protein samples can be studied in aqueous solutions regardless of their state of 
aggregation [68]. Moreover, the technique is very sensitive in detecting conformational changes 
[69]. It is therefore a very suitable tool for the investigation of the PrP27-30 secondary structure, 
stability and/or the monitoring of unfolding/refolding processes induced by chemical denaturants, 
high pressure or temperature. In comparison to circular dichroism spectroscopy (CD), which can 
also be applied for protein secondary structure analysis, the absorption features, reflecting 
conformational changes and secondary structure elements in the IR spectroscopy are very specific 
and without any interference from aromatic amino acids, buffers and salts [70, 68]. As CD, IR can 
monitor thermally and chemically induced alterations in proteins, but provides more detailed 
structural information about these processes. In contrast to CD, IR could be used to investigate 
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1.2 Tests for the diagnosis of TSEs: Prion Test 
Currently available tests for diagnosis of prion diseases identify the abnormally-folded prion protein 
in brains of infected or dead animals through either antibody- or Western blot-based technologies. 
To date, no tests can identify the presence of the disease-causing proteins in easily accessible blood 
or tissues. Disease can be confirmed only upon the appearance of outward symptoms and/or the 
availability of post-mortem brain and nervous symptom tissues which are examined 
immunohistochemically. Rapid, specific, ultrasensitive, robust, and noninvasive diagnostic tools are 
desired for the prevention of transmission of prion diseases. These diagnostics are needed, 
especially in areas at high risk of transmission to large numbers, such as cattle herds and human 
patients reliant on chronic therapy regimens that include animal or even human-derived 
pharmaceuticals. Until recently, the only definitive diagnosis of BSE was by autopsy. Prion 
detection with the new antibody-based assays is now relatively rapid (8-24 h) [71] compared with 
past tests, which were long-term projects (~260 days for mouse infectivity assays). However, brain 
tissue samples are still required for these faster assays. Tonsil biopsies have been proposed as a less 
invasive alternative to brain biopsies [72] and a patent application has been filed. These studies are 
promising, but an invasive lumbar puncture is required. Other methods for determining PrPSc in 
central nervous system tissues include fluorescence correlation spectroscopy [73] and FTIR 
spectroscopy [74]. The fluorescence correlation spectroscopy method has been shown to have 100% 
specificity and a sensitivity 20 times that of current Western blot techniques. Kneipp [73] have 
shown that disease-specific changes in several parts of the brain can be detected by FTIR 
microspectroscopy. This method does not rely completely on the presence of PrPSc for detection but 
rather monitors the change in infrared absorbance in carbohydrates and lipids. Data for other tissues 
and double-blind studies have not been published. No absolute lethal prion dose or incubation time 
has been determined for cattle or humans [75, 76], which places rigorous requirements on 
diagnostic sensitivity. Lack of specificity could allow real infections to proceed undetected (false-
negative results), whereas false-positive outcomes could lead to unnecessary expense and disrupted 
lives. Standard immunometric diagnostics rely on binding events predicated on the target protein 
adopting a single conformation. However, in the case of infectious prions, PrPSc appears to adopt a 
variety of conformations [77], possibly requiring separate antibodies for detection. The sensitivity 
must be such that it is possible to detect prion protein in body tissues more accessible than the 
central nervous system (e.g., blood and urine). However, it is not known whether all conformations 
of PrPSc cause disease [78]. Although diagnostic tests that detect the infectious form of the protein 
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before the onset of clinical symptoms are of paramount importance for the detection and disposal of 
contaminated material, correct diagnosis of prion diseases is important, even after clinical signs 
appear, to provide appropriate treatment. 
1.2.1 Procedures using brain tissue:  
• Test A: Diagnostic by E.G. & G Wallace Ltd. This test uses a two-site noncompetitive 
immunometric procedure with two different monoclonal antibodies. After digestion with 
Proteinase K and extraction sample are subjected to a time-resolved fluorescence immunoassay.  
• Test B: Diagnostic by Prionics AG. “Prionics Check” is an immunoblotting test based on a 
Western blotting procedure for the detection of PrPSc that uses a monoclonal antibody. After 
electrophoretic separation, proteins are transferred to a membrane, and PrPSc is detected with the 
antibody coupled to a chemiluminescent marker. The minimum time to complete the test is 7-8 
h. 
• Test C: Diagnostic by Enfer Scientific Ltd. (Protherics). The Enfer test is a novel, high-
throughput chemiluminescent ELISA that can be completed in less than 4 h; it uses a polyclonal 
anti-PrP antibody (no specific information regarding the antibody was provided) for detection.  
• Test D: Diagnostic by CEA-Bio-Rad. The CEA-Bio-Rad test  is a sandwich immunoassay for 
PrPSc carried out after denaturation and concentration steps. Two monoclonal antibodies are 
used (details regarding the antibodies are not available). Test takes less than 24 h to complete; 
this could be reduced with automation. detection of prion protein in peripheral tissues. 
The need to identify infected animals and animal products quickly and efficiently has created an 
opportunity for novel detection and diagnostics to find infectious prions in easily accessible body 
tissues and fluids. Therefore, progress has been made recently in detecting prion protein from 
peripheral tissues as well as increasing the sensitivity of the current assays. Thus, several studies 
have reported progress in methods to increase the concentration of prion protein to enhance 
sensitivity. 
1.2.2 Detection of prion protein in blood 
RNA aptamer technology has been proposed as a diagnostic tool [79]. In the study by Weiss [79], 
two RNA aptamers highly specific for PrPC were generated. RNA oligomers that recognized PrPC 
contained four sets of three-guanine base repeats that formed a “G quartet scaffold”. The RNA 
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binding site mapped to the NH2 terminus of PrPC. In studies with scrapie-infected brain 
homogenates, only PrPC was detected by the RNA aptamers.  
• Bioconformatics: The idea behind the technology is to use small peptides that mimic the 
misfolding to detect it. When the peptide associates with a misfold, it changes shape itself. 
The peptide is labeled on each end with a fluorophore that emits a signal as the shape 
change occurs, giving us a quantitative readout of the amount of beta sheet present. Test is 
highly sensitive. The peptides exist as an ensemble so there are lots of them around when 
the change of shape occurs. The other peptides participate and amplify the fluorescence shift 
signal. What is so unusual about this test is that there is no antibody needed, and no 
requirement for Proteinase k digestion.  
Because it is theoretically possible that a small number of PrPSc molecules can cause infection, 
highly sensitive assays are necessary. 
1.2.3 Enrichment of prion protein in biological samples. 
Saborio [80] recently developed a polymerase chain reaction(PCR)-like prion-protein amplification 
method that might serve as a front end to the various tests described above. In this study, potentially 
infectious brain homogenate was mixed with fresh, prion-free brain matter, and the conversion 
process was allowed to proceed, as originally pioneered by Caughey’s group [60]. Because the 
conversion tends to be inefficient and the newly converted protein is often hidden in the background 
of the assay, Saborio [80] introduced a cyclical protocol involving incubation and sonication. After 
the initial incubation, the sample is sonicated to break up the newly formed prion aggregate and 
more normal brain matter is added. The protocol, as published, appears to be independent of prion 
strain, but the authors suggest that this protocol may not work when the samples to be amplified are 
not from brain tissue. Additionally, they note that a catalyst in brain homogenate may be required 
for proper PrPSc amplification. 
It is natural to assume that most diagnostics for prion diseases would use methods to detect 
PrPSc. However, other organs and tissues may be affected during TSE infection before the onset of 
clinical symptoms. For example, the lymphoreticular system, and the spleen in particular, has been 
implicated in the pathology of TSEs [81].  
However, major limiting factors to these commercial diagnostics include dependence on brain 
samples from deceased animals as well as issues of sensitivity and specificity. Furthermore, a lack a 
commercial test for TSEs in humans is still observed. Several promising technologies have recently 
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been reported that deal with improved TSE detection in animals and proposed diagnostics for 
humans. Tissue sample accessibility is very important for a mainstream diagnostic tool, and in this 
regard, the blood and urine assays hold great promise. Sensitivity is crucial for catching 
presymptomatic cases of TSE disease; methods for amplification and enrichment of infectious prion 
protein may be very useful to achieve this goal. Advances in analytical methods will also contribute 
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1.3 Library of potential prion ligand for capture and detection 
Several human disorders, including Alzheimer’s disease, are known to be associated with protein 
misfolding events and amyloidogenesis. Both in vivo deposits and in vitro formed amyloid fibrils  
have a β-sheet-rich fibrillar structure. Although no structural or sequential homology of 
amyloidogenic proteins is present, the amyloid fibril structure appears generic, showing linear 
filaments with a diameter of approximately 10 nm [82]. Several compounds are known to interact 
directly with PrPC including the natural binding partners heparin and glycosaminoglycans (GAGs) 
[83], copper [84], nucleic acids (RNA and DNA) [85], plasminogens [86, 87], PrP fragments and 
PrPC itself [87]. Other binding partners have been reported including various antibodies [88, 89], 
Congo Red and quinacrine [90]. However, only one compound, quinacrine, can be considered as a 
small drug-like molecule. 
For early detection and better understanding of the processes involved in amyloid fibril formation, a 
sensitive method is fundamental. Traditionally, Congo Red (CR) provides the most standardized 
way of staining amyloid plaques, showing green birefringence in cross-polarized light [91]. The 
binding of CR to amyloid is considered specific but requires good control and experience to be 
reliable [92]. The specificity of CR binding to in vitro amyloid fibrils has, however, been 
questioned [93], where it was demonstrated that Congo red binds to native, partially folded 
conformations and amyloid fibrils of several proteins. This finding indicates that CR must be used 
with caution as a diagnostic test for the presence of amyloid fibrils in vitro. 
Luminescent, conjugated polymers (LCPs) (Figure 1-4) have been demonstrated as conformational 
sensitive optical probes to detect conformal changes in synthetic peptides [94] and calcium induced 
conformal changes in calmodulin [95]. More recently, it has shown that LCPs can be used to 
monitor amyloid fibril formation in vitro [96], for the histological labeling of amyloid deposits in ex 
vivo tissue samples [97], and conformal mapping of amyloid deposits [98]. The electronic structure 
and thereby the optical processes of LCPs is directly correlated to the conformation of the polymer 
chains and their organization. If the polymer is governed by a biomolecule capable of folding into 
several possible conformational states or quaternary organizations, then the optical properties of the 
polymer will be a spectroscopic signature of the state of the biomolecule. 
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Figure 1-4: Structures of the eight LCPs: 1 (tPOWT), 2 (tPOMT), 3 (tPTT), 4 tPTAA, 5 (POWT), 
6 (POMT), 7 (PTT), and 8 (PTAA). 
Nilsson [99] reported the use of a number of polythiophenes with diverse side chain funtionalization 
for biomolecular interactions [96-98, 95], and more recently, the synthesis of synthesized trimer-
based analogues of these. 
To detect human prions at the earliest stages of infection, a conformation-dependent immunoassay 
(CDI) for the infectious isoform of the prion protein (PrPSc) has been developed [100]. A dramatic 
increase in the sensitivity and specificity of the CDI arose upon the discovery that PrPSc can be 
selectively precipitated from tissue homogenates by Na2H[PW12O40] [101]  This water-soluble salt 
features the nearly spherical trianion [PW12O40]3-, which belongs to a broad class of polynuclear 
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Figure 1-5: Solid-state structures for the polyoxometalate anions in compounds 1-8: the Keggin 
structure of [PW12O40]3- (1-4); the double-Keggin structure (5); the double-Wells-Dawson structure 
(6); the wheel-like structure (7); and the Wells-Dawson structure (8). Green, purple, and red spheres 
represent W, Zn, and O atoms, respectively, while yellow spheres represent heteroatoms. 
To date, however, there have been no studies probing the nature of the interactions of 
polyoxometalates with prion proteins, and the mechanism of the selective precipitation of PrPSc by 
Na2H[PW12O40] is not understood. To gain insight into this conformational selectivity and improve 
the sensitivity of the CDI, the precipitation efficacy of a set of polyoxometalates that vary in 
composition, structure, and charge density was investigated [103] (Figure 1-5). 
Then, development of systems and applicative diagnostic instruments for early detection of the 
pathological prion protein (prion infectivity) in tissues and body fluids of sheep affected by the 
Scrapie disease, highly increased by “catching” biological fluids (blood, milk etc.) by specific 
nanostructured materials, like mesoporous films which can be “functionalized” with different prion 
protein ligands has to be developed. 
Ability of the spectroscopic techniques is expected to be highly increased by “catching” biological 
fluids (blood, milk etc.) by specific nanostructured materials, like mesoporous films which can be 
“functionalized” with different prion protein ligands (Table 1-1). 
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Table 1-1: Ligands for selective precipitation of Prions 
Ligands for selective precipitation of Prions 
a. Polysulphated Polyanionic compounds 
i. Glycosaminoglycans 
ii. Congo red (CR) 
2. Polycationic compound 
a. Drendritic polyamines 
3. Polyelectrolytes 
a. Polythiophenes 
4. Polyoxometalate derivatives 
a. NaPTA 
5. Peptides 
6. Antibodies via p-toluensulphonyl chloride 
7. Oligonucleotides 
8. Copper approaches 
All this could definitely permit to detect the conformational modifications of the prion protein or 
the alteration due to bond changes in biological samples much better than by the classical tests.  
More in particular FT-IR transmission spectroscopy is well suited for the determination of the 
secondary structures of proteins in both solvated and adsorbed states. Furthermore, infrared spectral 
analysis of proteins allows intramolecular and intermolecular β-sheets to be distinguished 
efficiently since the Amide I band is sensitive to the strength of hydrogen bonding [69b]. It has been 
shown that this latter type of b-structure occurs during oligomerization of prion  or in aggregation of 
membrane-associated proteins. 
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1.4 Mesoporous Materials 
Nanosciences will be, as biology, one of the fields that will contribute to a high level of scientific 
and technological development along the 21st century. Nanostructured inorganic, organic, or hybrid 
organic-inorganic nanocomposites present paramount advantages to facilitate integration and 
miniaturization of the devices (nanotechnologies), thus affording a direct connection between the 
inorganic, organic, and biological worlds. The ability to assemble and organize inorganic, organic, 
and even biological components in a single material represents an exciting direction for developing 
novel multifunctional materials presenting a wide range of novel properties [104] 
First materials with realized nanoporosity were zeolites, highly attractive because their catalytic 
properties but with narrow applications because too small pores. Since the early 1990s, the 
supramolecular templating and co-assembly have replaced the use of individual molecules to 
control the properties of porous materials.  
Starting from a new class of materials discovered by Mobil Research Development Corporation 
using ionic surfactants [105], many efforts were been carried out to make the materials stable, 
expand the range of reachable pore size, extend the framework composition and examine new 
supramolecular templates [106]. As a result of these studies, it is at the present possible to obtain 
mesoporous or mesostructured materials with pore size from 2 to 50 nm. Moreover, different 
chemical compositions of the final material are achievable: metal oxides, transition metal oxides, 
metal sulphides, hybrid silica/organic compound. For the large pore dimensions, high surface area 
(near to 1000 m2 g-1) and thermal stability, many interest there is either in using these materials as 
catalysts and supports or in developing their electronic, optical or sensing applications. These 
factors certainly can improve the overall properties of a sensor device based on mesoporous oxides. 
In particular, the controlled accessibility of external chemical species to the pore surface could 
allow reaching a greater sensing selectivity and the large specific area improves the response to 
vapour concentration changes. 
Porous Solids: Porous materials are used as adsorbents, catalysts and catalyst supports owing to 
their high surface areas and large pore volumes. According to the classification made by IUPAC 
[107] porous solids can be arranged in three main categories, depending on their pore size 
(diameter, d)  
(1) microporous, having pore sizes below 2.0 nm,  
(2) macroporous, with pore sizes exceeding 50.0 nm, and  
(3) mesoporous, with intermediate pore sizes between 2.0 and 50.0 nm.  
Mesoporous Material                                                                                                  Introduction 
28 
Sonia Fresu - Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli Studi di Sassari 
Some illustrative examples are given in Figure 1-6. 
Figure 1-6: Example of micro-, meso-, and macroporous materials, showing pore size domains and 
typical pore size distribution. 
Well known members of the microporous materials are the zeolites which have the pore sizes in the 
range of 0.2-1.0 nm, they provide excellent catalytic properties by virtue of their crystalline 
aluminosilicate network. Regardless of the great amount of work dedicated to zeolites and related 
crystalline molecular sieves, the dimensions and accessibility of pores were restrained to the sub-
nanometer scale. This limited the application of these pore systems to small molecules. Thus, 
mesoporous materials with larger pores and well defined pore structure remain an active and 
demanding research area. In 1992 Mobil researchers disclosed the first family of highly ordered 
mesoporous molecular sieves (M41S) [108] (pore size in the range 2-10 nm), where long chain 
cationic surfactants were used as the template or pore forming agents during the hydrothermal sol-
gel synthesis [109]. Depending on the starting materials and varying synthesis condition, different 
mesoporous silica oxide with ordered structure in the form of hexagonal (denoted as MCM-41) 
[110] cubic (denoted as MCM-48) [111] and lamella (denoted as MCM-50) [112] were formed. 
Liquid-crystal templating (LCT) mechanism was proposed by Beck et al. [113] to explain the 
formation mechanism of MCM-41 (Figure 1-7). Since then, many synthetic routes and strategies 
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have been developed to yield a wide diversity of materials of various frameworks with different 
chemical compositions and pore structures. 
Figure 1-7: Schematic of the liquid-crystal (LCT) mechanism based on the assembly of dissolved 
silica sources around surfactant arrays.  
In path 1, surfactant liquid-crystal phase, H1, exists in solution and serves as the template. Silicate 
species are deposited between surfactant tubules and then condense to form the inorganic network. 
In path 2, the interaction of silicate species with the surfactants mediates the hexagonal ordering 
[111]  
1.5 Sol-Gel Process 
Sol-gel processing is based on the controlled polymerisation of inorganic molecular precursors in 
mild temperature conditions, organic solvents, and controlled amounts of water used for the 
preparation of inorganic materials such as glasses and ceramics of high purity and homogeneity. It 
involves the transition of a system from a liquid “sol” into a solid “gel” phase and has been the 
subject of several books and reviews [114] 
Silicon esters are compounds that contain oxygen bridge from silicon to an organic group (i.e. ≡Si-
OR). If organic silicon compounds contain four oxygen bridges are named as derivatives of 
orthosilicic acid Si(OH)
4
: the most conspicuous material is tetraethyl orthosilicate Si(OC2H5)4. An 
alternative organic nomenclature by which these compounds are named as alkoxy derivates is 
diffused: tetraethyl orthosilicate therefore becomes tetraethoxysilane. The most conspicuous 
property of metal alkoxides is ease of hydrolysis: speed of hydrolysis is generally proportional to 
the electropositive character of the metal or its ability to enter a hyper-coordinate state.  
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Applications for tetraalkoxysilane cover a broad range and can be classified according to whether 
Si-OR bond is expected to be hydrolyzed or not in the final product. Applications in which this 
bond is hydrolyzed (reactive applications) are as binders for refractories, resins, coatings, sol-gel 
glasses, cross linking agents and adhesion promoters. Application in which Si-OR bond remains 
intact include heat-transfer and hydraulic fluids. Lower molecular weight compounds are generally 
used in reactive application whereas higher molecular weight ones are associated with mechanical 
applications.  
Tetraalkoxysilanes possess excellent thermal stability and liquid behavior over a broad temperature 




Figure 1-8: Hydrolysis and condensation for SiO2 formation 
Silicon dioxide never forms directly by hydrolysis in an acid- or base-catalyzed condensation, but 
reaction progresses through intermediate ethoxy derivates of silicic acid and polysilicates until most 
or all of ethoxy groups are removed and a nonlinear network of Si-O-Si remains. Solution viscosity 
increases until gelation or precipitation. Acid-catalyzed hydrolysis generally proceeds more rapidly 
than base one and leads to more liner polymers: base-catalyzed hydrolysis has significant 
differences from this one in the rates of first and second alkoxy group hydrolysis. For binder 
preparation, diluted hydrochloric or acetic acids are therefore preferred. When more complete 
condensation or gelation is desired, wider range of catalysts (including moderately basic ones) are 
employed. 
Tetraalkoxisilane are usually preferred to alkyl- and aryl-trialkoxysilane in silicon dioxide synthesis 
because Si-OR bond is more reactive than Si-C and it has four rather than three matrix coordination 
leading to more rigid structures. Change in physical properties in several coating applications need 
changes in the choice of precursors. 
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Figure 1-9: Change in physical properties starting from a sol-gel solution in function of time and 
temperature 
Complete hydrolysis of alkoxysilanes under controlled conditions is associated with sol-gel 
technology. Sol-gel method consist to obtain metal oxide glasses or ceramics by hydrolyzing one or 
more chemical precursors that pass through a solution state and a gel state before being dehydrated 
to a glass or ceramic (Figure 1-9). Sol-gel route to oxides synthesis proceeds through three basic 
steps, here presented sequentially even if they occurs simultaneously in reaction solution:  
1. partial hydrolysis of metal alkoxides to form reactive monomers;  
2. poly-condensation of monomers to form colloid-like oligomers;  
3. gelation and cross-linking that lead to a three-dimensional matrix.  
Finally, trough suitable thermal treatments, dried, porous and densified gel can be obtained (Figure 
1-9). 
There are several parameters which influence the hydrolysis and condensation reactions (sol-gel 
process), including the activity of metal alkoxide, water/alkoxide ratio, solution pH, temperature, 
and nature of the solvent and additive. Another consideration is that catalysts are frequently added 
to help control the rate and the extent of hydrolysis. By varying these processing parameters, 
materials with different microstructure and surface chemistry can be obtained.  
A variety of techniques have been developed to prepare fibbers, microspheres, thin films, fine 
powders and monoliths with several applications: protective coatings, catalysts, piezoelectric 
devices, waveguides, lenses, superconductors, nuclear waste encapsulations, insulating materials 
and high strength ceramics (Figure 1-10). 
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Figure 1-10: Techniques based on sol-gel method 
Thin films can be produced on a piece of substrate by spin coating or dip-coating. When the "sol" is 
cast into a mold, a wet "gel" will form. With further drying and heat-treatment, the "gel" is 
converted into dense ceramic or glass particles. If the liquid in a wet "gel" is removed under a 
supercritical condition, a highly porous and extremely low density material called "aerogel" is 
obtained.  
Sol-gel process is one of the most active and promising areas of ceramic research. Its ambient 
processing conditions enable one to encapsulate numerous organic, organometallic, and biological 
molecules within these sol-gel derived inorganic matrixes. Sensor technology is perhaps the field 
with highest commercial potential for these materials, since they combine the mechanical strength, 
transparency in the visible, high porosity and surface area of gel-derived oxides. Sol-gel is also an 
effective way and is extensively utilized to design and synthesize inorganic-organic hybrid 
materials with nanometer-scale architecture. Even the hybrid materials thus prepared are comprised 
of components having very different refractive index, they are often optically transparent due to 
small scale lengths over which phase separation may exist. As a result, these hybrid materials can 
find applications in many fields which are far beyond the scope of application of traditional 
composite materials.  
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1.6 Templated Mesoporous Materials 
Mesoporous materials form when inorganic oxides (e.g. silica) polymerize in the presence of 
surfactants, which serve as structure directing agents for the oxide framework: after calcination, 
porosity and eventually aligned pore orientation is retained. The use of silica-organic interface 
interactions that are weak compared to other competing assembly forces, together with kinetic 
control of the silica polymerization makes it possible to simultaneously control the periodic 
mesostructure and particle shape. Electrostatic or hydrogen bonding interactions between the 
surfactant and the growing inorganic species usually leads to a phase separation into a surfactant-
rich gel phase and a dilute isotropic solution in which polymerization to the final product occurs. 
The structure of the resulting inorganic solid depends sensitively on the reaction conditions such as 
concentration, temperature and pH. Moreover, during the synthesis phase transitions may occur in 
the surfactant assembly thus complicating the situation even more [115].  
During synthesis and processing and before the extensive silica polymerization, the 
inorganic/organic structures may readily undergo structural changes or transformation to relieve 
stress trough rotational displacements of the surface (disciplination defects): the use of weaker 
interaction at the silica/surfactant interface, like hydrogen-bonds, enhances precursor fluidity and 
synthesis processing The early synthesis of mesoporous materials was carried out in basic media 
with anionic silica species and cationic surfactant. In this case the surfactant is positively charged 
and is balanced by a negative charge of the silica walls. The formation of the inorganic-organic 
composites is based on electrostatic interaction between the positively charged surfactants and the 
negatively charged silicate species. First, the oligomeric silicate polyanions act as multidentate 
ligands for the cationic surfactant head groups, leading to a strongly interacting surfactant/silica 
interface with lamellar phase. In second step the charge density matching (S+I- where S+ = cationic 
surfactants and I- = inorganic species), can directly lead to a phase transformation to, for example, 
hexagonal or cubic phase [116]. Using the same surfactant but in an acid halide media, there are 
neutral silica walls with one halide ion associated with each surfactant ion in the pores: these can be 
removed, by a simple water/ethanol wash instead to use calcination or strong acid solution [117]. 
Until now, calcination is the more used method to remove organic templating agents, but often it 
leads to decrease long-range ordering of mesostructure or to partial collapse of mesoporous 
channels. Moreover, calcination often produces a great deal of CO2 gases and organic compounds. 
Solvent extraction is a good alternative, not only because it is environmentally friendly and the 
surfactant could be recycled, also because the mesostructure could be easily maintained after this 
treatment [118].  
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Simple geometric parameters can provide a description of the shape of the aggregates: optimal area 
of the hydrophilic head a0, volume of the hydrophobic tail V (considered incompressible for the 
sake of simplicity) and maximum length of the hydrophobic tail lc. The preferred shape of self-
assembled surfactant molecules in the final material depends on the effective mean molecular 
parameters that establish the value of the packing parameter g.  
This parameter is defined as  
g = V / a0lc      
where V is the effective volume of the hydrophobic chain, a0 is the mean aggregate surface area per 
hydrophilic head group and lc is the critical hydrophobic chain length.  
The parameter g depends on the molecular geometry of the surfactant molecules, such as the 
number of carbon atoms in the hydrophobic chain, the degree of chain saturation and the size and 
charge of the polar head group. 
One can also experimentally conclude that amphiphilic molecules with large polar headgroups tend 
to form high-curvature spherical aggregates, which will pack according to a cubic symmetry, 
whereas molecules with longer hydrocarbon tails or smaller polar head-groups will give cylindrical 
structures packed in a 2d-hex fashion, or lamellae. Surfactants with two hydrocarbon tails have a 
larger volume, therefore they will tend to form bilayers or vescicles (e.g. cell membranes are natural 
examples formed by the self-assembly of phospholipids, which have two hydrophobic tails). 
Finally, for g > 1 inverse micelles are favourite, where the hydrophilic headgroups point inwards. 
Figure 1-11 shows three examples of common packing shapes and micellar aggregates. 
In addition, the effects of solution conditions, including ionic strength, pH, co-surfactant 
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In classical micelle chemistry, mesophase transition occurs when the g value is increased above 
critical values: the phase transitions also reflect a decrease in surface curvature from the cubic over 
the hexagonal to the lamellar phase (Figure 1-11).  
Figure 1-11: Examples of packing shapes and micellar aggregates formed by surfactant. 
Moreover, these self-assembled structures can give rise to different mesophases (i.e. phase 
separation with dimension of the order of ten nanometres) according to the effective concentration 
of copolymer in solution and the particular types of used copolymer: via control of the 
concentration we can obtain cubic, hexagonal or lamellar mesophases [119] while dimension of 
pore can be controlled using different types of copolymers [120].  
Block Copolymers: Considerable effort has been devoted to increasing the inorganic mesophase 
ordering length scale using different organic surfactant species. Especially non-ionic surfactants 
(alkyl polyoxyethylenes) and block copolymers (polyoxyalkylenes) are advantageous structure-
directing agents compared to cationic surfactants because of their low cost, non-toxicity and 
variable hydrophobic/hydrophilic segment size. Compared with low molecular weight surfactants, 
amphiphilic block copolymers do not only allow the realization of mesoporous silica with larger 
pore sizes (up to 30 nm) and improve the ductility and elasticity of the resulting composite, but the 
slower relaxation times of copolymers also lead to an higher control over the structure thus allowing 
the exploitation of even kinetically hindered structures or micellar aggregates as templates.  
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There are a lot of kinds of non-ionic block-copolymers that are commercially available, that are not 
expensive and that can be easily removed from the matrix. For simplicity, we can classify them as 
(Figure 1-12):  
1) Di-block copolymers: their molecular structure have one hydrophobic and one hydrophilic 
part (Figure 1-12a),  
2) Tri-block copolymers: they have two hydrophilic terminal groups and a central hydrophobic 
chain (Figure 1-12b),  
3) Star copolymers: in them there are more hydrophilic and one hydrophobic terminations 
(Figure 1-12)  
Figure 1-12: Molecular structures of a) Brij b) Pluronic and c) Tween. (the blue part indicate 
the apolar component whereas the red one is referred to the ionic). 
As example of these surfactant families, Brij (two-block linear), Pluronic (tree-block linear) 
and Tween (star copolymer) are depicted: their general molecular formulas are represented in 
Figure 1-12. 
In polar environment, because they have amphiphilic properties, the non-ionic block-copolymers 
reorganise to form macro-molecular structures (micelles) where the non-polar groups of each 
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Figure 1-13: Micellar section in polar environment: different self-assembled structures for Brij (a), 
Pluronic (b) and Tween (c). Black lines represent polar groups and grey lines apolar ones of 
copolymers.  
Interaction between polar groups of block copolymers and inorganic precursors could be understood 
as illustrated in Figure 1-14.  
Figure 1-14: Possible interaction between block-copolymer and silica precursor: hydrolysis of 
silica precursor (a), interaction of polar groups of copolymer with anionic species (b) and 
complessive interaction (c) 
In fact, when non-ionic block-copolymer (PEO) is introduced in a solution for the sol-gel process 
(Figure 1-14a) in acidic conditions, its polar block could react with hydronium ions (Figure 1-14b) 
and so it interact with anionic species in solution (X-that come from acid dissociation). These 
anionic species could have task to be like a “bridge” between copolymer and hydrolyzed species of 
silica precursor (Figure 1-14c) (like, for example, tetraethylorthosilicate). 
The main advantages in using block copolymer are: (1) they permit controlling the mesophase 
morphology easily, (2) pore size may be extended up to several tens of nanometres due to the large 
dimensions of macromolecules, (3) a wide variety of mesophase symmetries can be obtained. 
Si(OEt)4    +   nH2O Si(OEt)4-n(OH2)
+
n n EtOH
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1.7 Ordered Mesoporous Metal Oxide Thin Films  
Self-assembled mesostructured oxide thin films are potential candidates to replace non-porous 
silicon oxide as the standard insulating layers in microelectronics: the large porosity reduces the 
dielectric constant of the material compared to silicon oxide [121], whilst does not modify the high 
thermal stability, the good mechanical properties, the low ion contents and the additional properties 
that have made silicon oxide the ultimate material for insulating layers [122]. 
Mesostructured oxide films of different compositions have attracted very much attention for their 
potential large impact in fabricating nano-engineered high performing materials. 
Among the various methods to synthesize mesostructured materials, sol-gel chemistry used in 
combination with ionic surfactants [123] or block copolymers [124] as templating agents is the most 
used to prepare oxide thin films on different kind of substrates [125].  
Mesostructured films are generally obtained via evaporation-induced self-assembly (EISA) [126], a 
deposition process which is driven by the preferential evaporation of the solvent, which is usually 
an alcohol [127]. The non-volatile surfactant and the inorganic species will be concentrated before 
reaching the equilibrium with atmosphere. The formation of the micelles and their organization in a 
liquid crystal template (Figure 1-15) can be adjusted, via the fine-tuning of the processing 
parameters, with the condensation of the inorganic framework, to give well-defined mesostructured 
materials  
Figure 1-15: Self-assembly process for no-ionic triblock copolymer in polar solution (a): apolar 
group interact each with other (b) giving rise to micelles (c) that rearrange in an ordered organic 
mesophase (d) 
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Thin films of surfactant-templated mesoporous silica have been prepared by a simple dip-coating or 
spin-coating method. In these methods an oligomeric solution of silica is prepared prior to the 
addition of surfactant. In many cases, coating is carried from a solution containing a highly volatile 
liquid so as to enhance the rate of film formation by rapid solvent evaporation. 
1.7.1 Technological importance 
The first mesoporous materials were synthesized in the form of powders through precipitation 
mechanisms. On the one hand, this was an adequate solution in applications such as catalysis and 
sorption, for which they were invented. On the other hand, further studies rendered mesoporous 
materials a “solution looking for a problem”: other applications were devised, such as sensors and 
low dielectric constant interlayers, owing to the ordered nanometric porosity and the high specific 
surface area of as much as ~1000 m2·g-1. Thus, the synthesis of mesoporous films opened the way to 
such new advanced applications for which powders were unsuitable. The first self-supporting 
mesoporous films appeared between 1994 and 1996.  
These first syntheses consist in the precipitation of the precursors at the solution air interface, 
involving transport of the precursors in the liquid phase towards the interface [128,129]. Supported 
mesoporous silica films were also grown on a substrate immersed in a solution with high surfactant 
concentration by a TLCT approach (c0 > cmc) [130]. Growth and coalescence of the solid phase on 
the substrate occurs on a time scale varying between few hours and several weeks. However, the 
films prepared according to these procedures are inhomogeneous even on a micron scale and have a 
bad optical quality, which makes them unsuitable for advanced applications. Mesoporous films 
were also obtained by spin-coating a solution based on TMOS and an ionic surfactant, but the 
formation mechanisms are not clear [131]. In 1997, Lu et al. obtained 2d-hexagonal and cubic 
phases in silica films prepared by dip-coating [132]. Here, surfactant concentration is lower than 
cmc, and self-assembly occurs as a consequence of solvent evaporation which progressively 
increases the non-volatile species concentration. The idea of using a very dilute solution, where c0 > 
cmc (concentration of copolymer), was developed in the same research group at the Sandia National 
Laboratories (US) and is the basis of the most widely employed technique, to date, in the synthesis 
of mesoporous films: evaporation-induced self assembly (EISA). This definition was coined by 
Brinker and coworkers in 1999 to indicate a new synthesis process where mesophase formation is 
triggered by solvent evaporation rather than precipitation reactions [133]. If one considers the 
publications on mesoporous films, one can note that siliceous systems constitute the largest part. 
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The reasons are manifold: first, there is a historical reason, as many researchers come from the 
zeolite world and as such they are much more familiar with the silicon and the aluminium chemistry 
rather than, say, transition metal chemistry. Second, silica films obtained by sol-gel routes are less 
problematic with respect to other oxides, because the self-assembly process can be controlled more 
easily due to low hydrolysis-condensation rates of silica precursors (e.g. alkoxides, chlorides). 
Transition metal precursors are more prone to hydrolysis, redox reactions or phase transitions 
involving thermal breakdown of the structure, which makes it much more difficult to remove the 
template and create an ordered mesoporosity maintaining the optical quality of the film [134]. 
Third, the stability of the Si-C bond opens several perspectives on hybrid organic inorganic 
materials, as well as on the possibility of grafting a number of chemical functionalities on the 
mesopore surface due to the presence of Si-OH groups. The other side is that transition metal oxides 
find interesting applications because of their particular optical, electronic and magnetic properties 
(e.g. high refractive index, semiconductivity, photocatalytic properties) [135], therefore mesoporous 
oxides and other compounds based on transition metals attract much interest. 
1.7.2 Fundamentals of EISA 
The starting point in the EISA technique is the preparation of a dilute solution containing the 
inorganic precursors (generally a metal/metalloid alkoxide or salt) and the organic templating 
agents (surfactant or macromolecular amphiphilic block copolymers). The solvent is an alcohol 
(generally ethanol or methanol) and small amounts of water may be added. 
EISA is most often used in combination with the dip-coating deposition technique (or, less 
frequently, with spin-coating).  
Figure 1-16: EISA process: a) dip coating; b) spin coating. 
1                2                 3
Applying
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In the Figure 1-16a, in dip-coating, a substrate is dipped (1) into the solution and extracted at a 
constant speed (typically, few mm·s-1)(2) and gelation of the layer occurs by solvent evaporation 
(3). 
Due to the solution-substrate wettability, a liquid layer is formed on the substrate, whose thickness 
depends on the extraction speed and the viscosity of the solution. As the solvent evaporates from 
the liquid layer, the inorganic precursors undergo condensation and crosslinking processes, thus 
forming a gel, which can be defined as a phase constituted by a more or less condensed inorganic 
network within which residual solvent molecules form an interconnected liquid phase.  
In spin-coating (Figure 1-16b), few drops of the precursor solution are placed on a substrate, which 
is then spinned at a constant angular speed (typical values: few thousands of rpm). Thus, a 
homogeneous film is spread on the substrate due to the centrifugal force.  
Because films are prepared exclusively by dip-coating in this doctorate work—as in most works in 
the literature—we will refer to this deposition technique. 
In the EISA technique, solvent evaporation occurring in the first seconds after deposition causes an 
increase in the concentration of non-volatile (organic and inorganic) species in the film.  
Figure 1-17: Scheme of the formation of a mesostructured film by evaporation-induced 
selfassembly. The arrow indicates the time line.  
In Figure 1-17 is depicted a general scheme for EISA process. Step 1: In the isotropic solution 
condensation is slowed down and the nonvolatile precursors are free surfactant molecules and 
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inorganic oligomers. Step 2: Solvent evaporation triggers the formation of surfactant-inorganic 
units. Step 3: Evaporation is complete and the film equilibrates its water content with the 
environment (tunable steady state, TSS). Step 4: The thermal treatment stabilizes the mesostructure. 
This triggers both self-assembly and inorganic cross linking, which therefore act concurrently. 
Thus, evaporation is not the driving force for self-assembly as such, but rather keeps the system on 
a pathway where self assembly can occur during film formation. EISA is a technique that can be 
readily adapted to perform these tasks: the chemical composition and the processing parameters can 
be adjusted in order to form well-ordered mesostructures, as well as to obtain the properties that are 
required for functional applications (i.e. homogeneity, transparency, etc.). Thermal treatments can 
follow the deposition step in order to promote further condensation, mechanically stabilise the 
mesostructure and remove the surfactant. Further operations that may be performed on films include 
chemical grafting of functional groups or molecules on the mesopore surface in order to change the 
physicochemical properties (e.g. grafting of organic groups in order to increase hydrophobicity) or 
the functional properties (e.g. inclusion of metallic [136] or semiconductor[137, 138] nanoparticles 
within the mesopores for photocatalysis and sensing). 
To summarise, mesoporous materials prepared by EISA require an adequate composition of the 
initial solution (inorganic precursors, templating agents, volatile media), the shape can be decided 
by selecting an evaporation method and the physicochemical and functional properties can be 
created or tuned by a thermal or chemical post-synthesis modification. As a consequence, a 
reproducible synthesis of mesoporous materials via EISA requires control on three levels:  
(1) chemical composition of the precursor solution,  
(2) deposition process,  
(3) post-treatments performed on the film. The remainder of this section tackles these synthetic and 
processing parameters. 
1.7.3 Precursor solution 
Solvent: The choice of solvent must meet at least three requirements: the solution must completely 
wet the substrate in order to ensure good film homogeneity; furthermore, the solvent must be 
volatile to promote a fast increase in concentration of the non-volatile species; and it must be a good 
solvent for the organic and inorganic precursors. Generally, ethanol is the preferred choice, as it can 
wet both hydrophilic and hydrophobic substrates, it is volatile, and it can easily dissolve 
amphiphilic block copolymers as well as inorganic alkoxides and metal salts. An organic additive 
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can selectively swell a region of the block copolymer causing a change in micelle shape and 
volume.  
Inorganic precursors: In the synthesis of mesoporous silica, alkoxysilanes such as TEOS are 
widely employed. Small quantities of an organically-substituted alkoxysilane, called organo-
alkoxysilane, may be added to TEOS. In organoalkoxysilanes (Table 1-2) one or more hydrolysable 
groups are substituted by organic groups which are not hydrolysable due to the high stability of the 
Si-C bond.  
Table 1-2: Examples of organically modified Si alkoxides used in one-pot syntheses of hybrid 
films. 
Name Chemical formula 
Methyltriethoxysilane (MTES) CH3–Si(OCH2CH3)3 
Dimethyl-diethoxysilane (DMDES) (CH3)2–Si(OCH2CH3)2 
Phenyl-triethoxysilane (PhTES) Si(OC2H5)3 
Octadecyl-triethoxysilane (OTES) Si(OC2H5)3 
3-Aminopropyl-triethoxysilane (APS) NH2–CH2CH2CH2–Si(OC2H5)3 
Methacryloxypropyl-triethoxysilane CCH3H2C COO Si(OC2H5)3 
Therefore, these organic groups eventually end up covalently linked to the final inorganic 
framework, and a wide variety of mesoporous or mesostructured hybrid organosilica products can 
be obtained [139]. Inorganic reactivity can be controlled by varying the pH. This is most clear in 
silicon alkoxides: less ordered mesophases are obtained at high pH values (5-7), where 
condensation is fast and prevails over mesostructure formation (i.e. kinorg > korg, kinter). A low pH 
favours hydrolysis and inhibits condensation, therefore permitting a better mesostructure 
organization. Working in high dilution conditions, silica condensation is further inhibited and the 
solution is very stable in time (up to several months). Transition metal alkoxides are much more 
reactive, according to the series: Si(OR)4 << Sn(OR)4 ~ Ti(OR)4 < Zr(OR)4 ~ Ce(OR)4 [140]. This 
is because the reactivity of transition metal precursors is strongly dependent on the electrophilicity 
of the metal centre (hydrolysis and condensation proceed through nucleophilic attack by water 
molecules), therefore the reactivity trend is Si < Ti < Zr < Hf [141]. Condensation can be inhibited 
by introducing complexing agents, such as acetyl acetone, which are effective in sequestering the 
transition metal ion. 
Water: This is truly a multipurpose component of the precursor solution. In silica-based systems it 
takes part in alkoxide hydrolysis and condensation. For small values of h = [H2O] / [Si], no 
mesostructure or a wormlike mesophase forms, whereas too high h values may lead to uncontrolled 
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condensation and poor order. A typical value found in the synthesis of silica is h = 5-10, which is 
relatively independent of the type of inorganic precursor (a silicon alkoxide or a salt).  
A notable example is mesostructured TiO2 obtained from TiCl4, where the presence of significant 
amounts of water is essential in order to form an ordered mesostructure. Here, water is supplied 
either in the precursor solution or treating the as-deposited films with high relative humidity for a 
couple of seconds within a short time since solvent evaporation [142]. At least three effects can be 
discerned:  
(1) water promotes Ti(IV) hydrolysis and favours the formation of hydrophilic species such as 
TiCl4−x(OEt)x [143]. 
(2) Water favours phase separation by increasing the entity of the interactions at the interface, 
swelling the hydrophilic corona, thus increasing its curvature.  
(3) Water lowers viscosity acting as a lubricant by forming a layer around each micelle, permitting 
structural rearrangements in the mesophase which lead to a better degree of order [154]. 
Structure-directing agent: The choice of type and quantity of surfactant has been shown to be a 
key parameter in order to obtain a final mesostructure with a given symmetry. In particular, for 
simple estimates one can use the geometric packing factor g to predict whether high-curvature cubic 
or low-curvature 2d-hex mesostructures will form. 
A calculation of the quantity to be introduced into the precursor solution can be made by inspection 
of the surfactant/water phase diagram, considering the surfactant volume fraction φ = Vsurf/ Vsurf + 
Vinorg). As previously shown, this is a good predictive model that allows calculating the quantities of 
inorganic and organic precursors to introduce into the precursor solution in order to attain a given 
mesophase symmetry, in line with the phase diagram approach of TLCT. 
Catalyst: When an alkoxide is used as the inorganic precursor, a catalyst increases the kinetics of 
hydrolysis or condensation. There is a fundamental difference between basic and acid catalysts, in 
that the former favor hydrolysis and inhibit condensation, whereas the latter favor condensation and 
inhibit hydrolysis [144]. 
In the synthesis of mesoporous films, an acid catalyst is generally used, as it ensures good quality 
and homogeneity of the film. In particular, HCl is the choice in most cases as its high volatility 
ensures full evaporation once its function is not required anymore and therefore it does not remain 
in the film as impurity. Furthermore, its evaporation causes the pH inside the film to increase, 
which favors condensation reactions, stiffening the mesostructure. When transition metal salts are 
used as the inorganic precursors (e.g. TiCl4), the presence of Cl- ions in the solution controls 
condensation kinetics by forming coordinated species TiCl4-x(OEt)x. After deposition, hydrolysis 
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and condensation are accelerated by HCl evaporation [143, 145]. In the case of silica, pH is 
generally set near the isoelectric point, which is defined as the pH of a solution or dispersion at 
which the net charge on the macromolecules or colloidal particles is zero (pHiep = 2 for silica, pHiep 
= 6 for titania): in this way, the inorganic colloids in the solution do not aggregate, and the solution 
can be stable even for several months. 
Ageing Hydrolysis and polycondensation reactions of inorganic precursors in the coating solution 
cause the formation and growth of oligomeric species (nanobuilding blocks, NBBs). In the case of 
silica, these can be constituted by cyclic, linear or branched structures, depending on the 
composition and pH. The size of these oligomers increases as a function of time. Because the size 
of these NBBs is critical in mesostructure formation, it is of crucial importance to control ageing of 
the coating solution (at a first approximation, ageing can be identified as the time interval between 
preparation of the solution and its use in the dip-coating). Controlling ageing permits controlling the 
size of the NBBs that build up a hybrid interface, thus it turns out to be a key requisite in the design 
of a synthesis process. For each system, an optimum ageing time must be determined, depending on 
the type and concentration of surfactant, water and inorganic precursor. 
1.7.4 Film deposition 
Whereas control of the precursor solution requires understanding the chemistry of the inorganic 
precursors and the self-assembly properties of the surfactant, in the deposition process control is 
transferred to the external conditions. The deposition step is no less critical than the preparation of 
the precursor solution, because in this stage inorganic condensation and self-assembly take place, 
driven by the local thermodynamic and kinetic conditions and ultimately triggered by the fast 
evaporation of the solvent. 
Solvent evaporation: It has been suggested that the depart of solvent from the film-air interface 
causes an increase in concentration of the inorganic and the organic nonvolatile species, which 
undergo self-assembly and condensation reactions and form a mesostructure. As the rate of 
evaporation is faster at the film-air than at the film-substrate interface, nonvolatile species become 
more concentrated in the former than in the latter regions, triggering diffusive processes due to the 
concentration gradient within the film. Therefore, while solvent evaporates, the composition of the 
film is not univocally determined, but rather there exist several compositions in different regions, 
which constantly evolve with time until most solvent is evaporated (typically within 10-30 
seconds). Though it is practically impossible to calculate the exact composition as a function of 
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space and time, there is one phenomenon that can give insight on what occurs within the film during 
the evaporation process: mesophase transition. 
Relative humidity (RH) and tunable steady state: There is evidence for structural rearrangements 
in the mesophase occurring even long after the solvent evaporation step. 
It can identify a threefold role of RH. (1) It acts as a swelling agent with respect to the hydrophilic 
headgroups, thus increasing the micelle curvature and creating a well-defined hybrid interface. (2) It 
contributes to lowering the film viscosity, acting as a lubricant and favoring mobility of NBBs and 
mesophase rearrangements. This ultimately leads to a better degree of order and sometimes to 
mesophase symmetries not immediately predicted by phase diagrams: different symmetries can be 
obtained with different RH values, in particular cubic structures are favoured for high RH. (3) In 
films obtained from inorganic salts (e.g. TiO2 from TiCl4, the departure of water from the film 
allows for HCl evaporation through diffusive motion, thus increasing inorganic polycondensation. 
Because the amount of water in a film depends critically on RH, it is useful to derive a relation 
between them. This is often accomplished by resorting to experimental techniques; unfortunately, 
the quantity of matter in films is too low, so determining the total volume fraction of water is a 
difficult task and other systems than thin films are used.  
Dip-coating pulling rate: The film thickness bears a direct proportion with the speed at which the 
substrate is extracted from the solution (pulling rate) in the dipcoating process (in spin-coating this 
parameter is rotation speed, usually expressed in rpm). This well-known effect is due to surface 
tension effects occurring at the solution-film-air interface, which become less critical when 
extraction speed is increased. In terms of mesostructure order, a lower degree of order is generally 
observed when extraction speed is increased. This can be explained considering that condensation is 
fastest at the film-air interface: a high concentration gradient is set up and further evaporation from 
the bottom of the film is inhibited if the topmost layer is too crosslinked [146]. 
1.7.5 Post-treatments 
Thermal treatment: It has the double purpose of promoting inorganic condensation and 
decomposing the organic phase in order to free the mesopores (calcination). Generally, mild 
treatments with thermal ramps and steps are preferred: abrupt treatments at high temperatures may 
cause mechanical stress in the sample which can damage the mesostructure and lead to macroscopic 
cracking. A phenomenon that is always observed is thermal shrinkage: because the film is pinned to 
the substrate, the contraction occurs exclusively along the direction perpendicular to the substrate 
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(out of plane), whereas the contraction parallel to the substrate (in plane) is negligible. As a 
consequence, calcination somewhat alters the shape of mesopores: this is evident in spherical pores, 
which become oblate spheroids.  
Ageing at controlled RH: Recent studies have emphasised the importance of keeping the as-
deposited mesostructured films (especially based on transition metal oxides) in controlled-RH 
conditions for a few days before performing thermal treatment [147]. For example, mesoporous 
yttria-zirconia and ceria-zirconia films with 2d-hexagonal and cubic structures show a relation 
between mesostructure order and humidity post-treatment [148]. Mesoporous tin oxide films with 
an orthorhombic symmetry have been prepared by the Hillhouse research group [149]. The as-
deposited samples show no long-range order. However, if the films are aged at high RH (80%) for a 
time interval between 30 minutes and 48 hours, an ordered mesophase appears (a treatment called 
Delayed Humidity Treatment (DHT) by the authors). The mechanisms leading to self-assembly 
have not been fully elucidated. What is sure, is that in this case we cannot speak of EISA, in that 
solvent evaporation is considered to have ceased when DHT begins, and self-assembly appears to 
be triggered by some unclear process during DHT itself.  
Post-functionalisation: The mesopores can be used to chemically graft functional (typically 
organic) groups on the inorganic walls, as well as to physically adsorb ions. The functional 
properties of grafted chemical groups can be exploited for particular applications and are enhanced 
by the high specific surface area exhibited by mesoporous films. The natural candidate for chemical 
grafting is silica, due to the high stability of the Si-C bond and the presence of reactive silanols, 
whereas transition metal oxides are somewhat more difficult to functionalise. For example, sensors 
with high sensitivity and selectivity towards uranyl cations have been produced by grafting sylilated 
β-diketone compounds in mesoporous silica [150].
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2 Characterisation Techniques 
2.1 Fourier Transform Infrared spectroscopy (FTIR)  
The electromagnetic spectrum includes all varieties of electromagnetic radiation, each of which 
could be considered as a wave or particle propagating with the speed of light. These waves differ 
from each other in the length and frequency, and hence in their energy (Figure 2-1).  
The frequency (ν) is the number of wave cycles per second. The wavelength (λ) is the length of one 
complete wave cycle. Wavelength and frequency are inversely related: 
ν = λ/c  and  λ = c/ν      a 
where is the speed of light, 2.997925x108 ms-1 
and the energy of the light is related to the wavelength as follows: 
E = hν = hc/λ       b 
where h is the Planck’s constant, 6.6x10-34 Js 
Spectroscopic techniques are based on the interaction of electromagnetic waves (most typically UV, 
visible, IR, MW, X-rays) with matter. The nature of the interaction depends upon the properties of 
the substance. When radiation passes through a sample (solid, liquid or gas), certain frequencies of 
the radiation are absorbed, thus from the measurement of the intensity absorbed by the sample 
under investigation at different incident energies it is possible to perform qualitative and 
quantitative analysis. Infrared (IR) radiation is the part of the electromagnetic spectrum between the 
visible light and microwaves regions, with wavelengths between 700 nm and 1 mm. The 
wavelength in IR spectroscopy is generally given in wavenumbers (ν). The wavenumber is the 
inverse of the wavelength: 
 = 1/λ        c 
 is given in cm-1 
hence: 
E = νhc        d 
The infrared (IR) portion of the electromagnetic spectrum ranges from 12800 to 10 cm-
1
, 
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corresponding to wavelengths 0.78 to 1000 µm.  
The IR portion is divided into three regions: the near, mid and far infrared, named for their relation 
to the visible spectrum. The far infrared, (400-10 cm-
1
) lying adjacent to the microwave region, has 
low energy and may be used for rotational spectroscopy. 
Figure 2-1: The Spectrum and Molecular Effects 
The mid IR region (4000-400 cm-
1
) may be used to study the fundamental vibrations and associated 
rotational - vibrational structure. The higher energy near IR (14000-4000 cm-
1
) can excite overtone 
or armonic vibrations.  
The majority of applications is restricted to the mid IR region, especially in organic compounds 
identification. In many cases the IR spectrum of an organic compound gives a specific fingerprint 
which can be used to detect that particular substance.  
2.1.1 Theoretical model for IR spectroscopy  
Infrared spectroscopy is related to the interaction of IR radiation with matter. More specifically, it is 
based on the coupling between the electromagnetic radiation and the resonance frequencies of 
vibration of chemical bonds (vibrational modes). For a molecule to show infrared absorption (IR 
active), its electric dipole moment must change during the vibration (selection rule). For example, 
charge distribution in a HCl molecule is not symmetrical, in that chloro has a higher electronic 
density than hydrogen, thus the molecule is said to be polar. As the HCl molecule starts to vibrate, 
the dipole momentum changes and a restoring electric field is set up. If there is a match between the 
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incident electromagnetic radiation and the resonance frequency of the HCl molecule, energy is 
transferred to the HCl molecule and a decrease in the transmitted intensity is observed. By varying 
the incident energy in small steps and recording the intensity transmitted through the sample, a 
wave number vs. absorbed intensity spectrum can thus be obtained.  
Let us consider a simple mechanical model where two masses m1 and m2 are linked by a spring. A 
perturbation of one mass along the spring axis, such as a movement of y from its equilibrium 
position, causes a restoring force F =-ky which is proportional to the mass displacement, the 
proportionality constant being the spring constant k. Thus a vibration is set up, called simple 
harmonic movement. The vibrational energy can be expressed in classical mechanics as E = ½ ky
2
. 
However, since we are dealing with atoms and chemical bonds instead of masses and springs, we 
need to resort to quantum mechanics: here, the molecular Hamiltonian corresponding to the 
electronic ground state can be approximated by a harmonic oscillator in the neighborhood of the 
equilibrium molecular geometry (Figure 2-2).  
Figure 2-2: Potential energy resembles classic harmonic oscillator 
Solving the Schrödinger equation for this system with the harmonic potential V = ½ ky
2 
leads to the 
well-known effect of energy quantization, which can be expressed as:  
E = h⁄(n½) (k/µ)
1/2      e  
where n is the vibrational quantum number, which is a positive integer, and µ is the reduced mass µ 
= m1m2/ m1+m2. For n = 0 we have the zero point energy E = h/2νm, m1+m2 where νm is the 
molecule’s resonance frequency. As a consequence, the allowed vibrational transitions are 
quantized according to selection rule ∆n = ±1:  
∆E = hνm = h⁄ (k/µ)1/2      f 
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and the lowest energy level is E0=1/2 hν. It depends on the strength of the bond and, inversely, on 
the mass of the atoms and corresponds to a type of molecule vibration that is present even at 
absolute zero. The next highest level is E1=3/2 hνwe have a set of allowed energies:  
E0 = ½ hνm, E0 = 3/5 hνm, E0 = 5/2 hνm     g 
It is useful to express the transition energy as a wavenumber:  
 =½ πc (k/µ) 1/2= 5.3x10
12(k/µ) ½      h 
According to the selection rules, only transitions to adjacent energy levels are allowed, therefore the 
molecule will absorb an amount of energy equal to hν. The constant difference between 
neighbouring energy levels is a typical feature of a harmonic oscillator. Its absorption spectrum 
would contain a single line for each vibrational mode.  
According to the harmonic model, the transition energy from level 1 to level 2 is equal to the 
transition energy from level 2 to level 3, and so on (Equations h and g). Thus, according to the 
selection rule ∆ν = ±1 only one absorption band should be observed for each molecular vibration, 
but this is in contrast with experimental data.  
The harmonic oscillator model is often a sufficient description for the E0 energy level but is limited 
for higher energy levels. However, real molecules cannot be ideal harmonic oscillators because of 
the bond dissociation and the fact that the chemical bond cannot compress beyond a certain level. In 
fact real molecules are anharmonic oscillators. In this model the potential energy increases more 
strongly with compression, and less with stretching of the chemical bond. The model that considers 
these energy changes and the fact that diatomic  molecules can dissociate is the Morse oscillator 
potential 
Therefore, we have to make some correction to the harmonic model, introducing anharmonic terms: 
in particular, when the displacement of the two atoms is not so small to be considered a 
perturbation, the harmonic approximation does not hold (Figure 2-3). For example, when the atoms 
get too close, the potential energy increases dramatically because of electrostatic repulsion; on the 
other hand, when the atoms are too far away, the interatomic distance is so large that dissociation 
can occur.  
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Figure 2-3: Potential energy of anharmonic oscillator 
Molecules behave as harmonic oscillators only at low vibrational quantum numbers. Deviations 
from the harmonic behaviour occur at high vibrational quantum numbers. This leads to the 
following two effects:  
1. at higher vibrational quantum numbers the energy difference ∆E corresponding to ∆n = ±1 
is no longer constant. As a result transitions with ∆n = ±2, ±3… are allowed, where the 
transition probability for ∆n= ±1 is significantly larger than for ∆n= ±2, which in turn is 
significantly larger than that for ∆n= ±3 and so on. The spectrum of the anharmonic 
oscillator shows a normal mode (n=0 → n=1) and significantly weaker overtone vibrations 
(n=0 → n=2, n=0 → n=3,…) at frequencies slightly below the double or triple values and 
with intensities much smaller than the fundamental vibration;  
2. different vibrations in a molecule can interact to give absorption peaks with frequencies that 
are approximately sums or differences of their fundamental frequencies. However, the 
intensities of overtone, combination and difference peaks are low. 
The frequency of the vibrations can be associated with a particular bond type. Simple diatomic 
molecules have only one bond, which may stretch. For example, in a carboxyl group C=O, mC = 
2x10-
26 
kg and mO = 2.7x10-
26 
kg, so the approximate wave number is ν = 1600 cm-
1 
and the 
wavenumber is experimentally found to be between 1600 and 1800 cm-
1
. More complex molecules 
may have many bonds, and vibrations can be conjugated, leading to infrared absorptions at 
characteristic frequencies that are related to chemical groups.  
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In IR spectroscopy the sample is exposed to infrared radiation, which is absorbed by the molecules, 
when a vibrational mode in the molecule produces an oscillating electric field with the same 
frequency as the frequency of the incident IR light. The number of fundamental vibrational modes 
in a particular molecule depends on the degrees of motional freedom (Table 2-1)  
Table 2-1: Motional freedom of molecules 
A molecule consisting of N atoms has a total of 3N degrees of motional freedom. In nonlinear 
molecules, 3 of these degrees are translational, 3 rotational and the remaining correspond to the 
internal movements, also called normal modes of vibrations. In a linear molecule, 3 degrees are 
translational and 2 degrees are rotational since no detectable energy is involved in rotations around 
the molecular axis. Or, the normal modes of vibrations for linear and nonlinear molecules are 3N-5 
or 3N-6, respectively. For any diatomic molecule only one kind of vibration is possible, which 
corresponds to stretching movements along the chemical bond, this accounts for one degree of 
vibrational freedom. Nonlinear triatomic molecules have three modes, two of which correspond to 
stretching and one to bending motions.  
The net number of fundamental vibrations for nonlinear and linear molecules are reported in Table 
2-1. A linear triatomic molecule has four vibrational modes. Molecules with more than three atoms 
have an increasing number of vibrational degrees of freedom, which include torsion and movements 
of fragments in relation to each other. 
However, not all calculated vibrations can always be observed since  
(i) vibrations that do not change the dipole moment are IR inactive,  
(ii) when two different vibrations have the same frequency, the vibration modes degenerate,  
(iii) an absorption frequency based on multiple fundamental frequency, or overtone, can overlay 
a normal vibrational mode if both share similar absorption frequencies and intensities. 
Additionally, in a molecule two oscillating bonds can share a common atom. When this happens, 
the vibrations of the two bonds are coupled. As one bond contracts, the other can either contract or 
expand. In general, the absorption bands of coupled bonds occur at different frequencies. 
Molecule Degrees of freedom 
non linear 3n– 6 
linear 3n– 5 
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Vibrational motions fall into two categories: stretching when there is a change in the interatomic 
distance along the bond axis, and bending when there is a change in the angle between two bonds 
Figure 2-4.  
Figure 2-4: Examples of vibrational modes: the first two are stretching modes (simmetrrical and 
antisymmetrical), the others can be classified as bending modes  (rocking, scissoring, wagging, 
twisting).  
Stretching and bending modes can be further divided into six types of vibration: symmetrical and 
antisymmetrical stretching, scissoring, rocking, wagging and twisting, as shown in Figure 2-4.  
The fundamental vibrations for water, H2O, are given in Figure 2-5. Water, which is nonlinear, has 
three fundamental vibrations. 
Figure 2-5: Stretching and bending vibrational modes for H2O 
Carbon dioxide, CO2 , is linear and hence has four fundamental vibrations (Figure 2-6). The 
asymmetrical stretch of CO2 gives a strong band in the IR at 2350 cm–1. 
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Figure 2-6: Stretching and bending vibrational modes for CO2 
The symmetrical stretch of CO2 is inactive in the IR because this vibration produces no change in 
the dipole moment of the molecule. 
The two scissoring or bending vibrations are equivalent and therefore, have the same frequency and 
are said to be degenerate , appearing in an IR spectrum at 666 cm-1. 
2.1.2 Analysis of infrared spectra. 
The region of the infrared spectrum which is of greatest interest to organic chemists is the 
wavelength range 2.5 to 15 micrometers (µ) corresponds to approximately 4000 to 600 cm-1. 
Figure 2-7: Characteristic infrared spectra.  
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The infrared spectrum can be divided into two regions, one called the functional group region and 
the other the fingerprint region. The functional group region is generally considered to range from 
4000 to approximately 1500 cm-1 and all frequencies below 1500 cm-1 are considered characteristic 
of the fingerprint region Figure 2-7). The fingerprint region involves molecular vibrations, usually 
bending motions, that are characteristic of the entire molecule or large fragments of the molecule. 
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2.1.3 Fourier transform  
A conventional IR spectrometer records the amount of energy absorbed when the frequency of the 
IR light is varied by a monochromator. Conversely, in a Fourier transform spectrometer a 
broadband IR light illuminates the sample, and the radiation transmitted is guided through an 
interferometer. Performing a mathematical Fourier transform on this signal (interferogram) results 
in a spectrum identical to that which would be obtained by conventional energy dispersive infrared 
spectroscopy. FTIR spectrometers are cheaper than conventional spectrometers because the 
fabrication of an interferometer is cheaper than a monochromator. In addition, measurement of a 
single spectrum is faster for the FTIR technique because information at all frequencies is collected 
simultaneously. This allows multiple samples to be collected and averaged resulting in an 
improvement in sensitivity. Then, in Fourier transform spectroscopy, spectra are collected based on 
measurements of the temporal coherence of a radioactive source, using time domain measurements 
of the electromagnetic radiation or other type of radiation. In other words, instead of varying the 
energy of the electromagnetic radiation, Fourier transform spectroscopy exposes the sample to a 
single pulse of broad bandwidth radiation and measures the response. The resulting signal, called a 
free induction decay, is a direct measurement of the temporal coherence of the light and contains a 
rapidly decaying composite of all possible frequencies. Using a Fourier transform of this, the 
spectrum of the light can be calculated. In this way the Fourier transform spectrometer can produce 
the same kind of spectrum as a conventional spectrometer, but in a much shorter time.  
The principles of the Fourier transform approach can be compared to the behaviour of a musical 
tuning fork: if a tuning fork is exposed to sound waves of many frequencies, it will vibrate only 
when the incident sound wave frequency is in tune, i.e. equal to the characteristic vibration 
frequency of the tuning fork. This is similar to conventional spectroscopic techniques, where the 
radiation frequency is varied and absorption is detected at those frequencies where the sample is in 
tune with the incoming radiation. However, if we strike the tuning fork or expose it to many sound 
waves with broad bandwidth, the tuning fork will tend to vibrate at the fork’s own characteristic 
resonance frequency. This is similar to Fourier transform spectroscopy, where a broadband pulse of 
radiation excites the sample and a signal consisting primarily of the characteristic frequencies for 
that sample is generated.  
Because of its various advantages, virtually all modern infrared spectrometers are FTIR 
instruments.  
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2.1.4 FTIR spectrometer 
Infrared spectrometers are commercially available since the 1940s. At that time the instruments 
employed prisms as dispersive elements. In the mid 1950s diffraction gratings have been introduced 
into dispersive machines. The most significant advance in IR spectroscopy, however, came along 
with the introduction of Fourier-transform (FT) spectrometers. The basic components of an FT-IR 
spectrometer are shown in Figure 2-8. The radiation emitted by the IR source goes trough an 
interferometer to the sample before reaching the detector. After amplification of the signal, the data 
are converted in digital form by an analog-to-digital converter and then transferred to a computer 
for Fourier transformation to be carried out. 
Figure 2-8:Components of an FT-IR spectrometer 
The essential component of an FT-IR spectrometer is the optical hardware producing the interfering 
light, called interferometer. The most common interferometer used is the Michelson’s 
interferometer (shadowed panel, Figure 2-8), which produces interference fringes by splitting a 
beam of monochromatic light so that one beam strikes a fixed mirror and the other a movable 
mirror.  
Figure 2-9: Interference Pattern in Michelson’s interferometer 
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When the reflected beams are brought back together, an interference pattern results (Figure 2-9). 
Infrared light emitted by a Globar or Nernst source is directed to a device called beam splitter, 
which allows half of the light to pass trough, while it reflects the other one. The reflected part of the 
beam travels to the fixed mirror through distance L, reflects there and hits the beam splitter again 
after a total pathlength of 2L (Figure 2-9). The same happens with the transmitted part of the beam. 
However, as the reflecting mirror for this interferometer is not fixed at the same position L but can 
be moved back and forth by distances x, the total pathlength is accordingly 2(L+x). Thus, when the 
two halves of the beam recombine again on the beam splitter, they have path length difference of 
2x.The partial beams are spatially coherent and will interfere when they recombine. The movable 
mirror is the most crucial component of the interferometer (Figure 2-9). It has to be accurately 
aligned and capable of scanning two distances so that the path difference corresponds to a known 
value. FT-IR spectrometers use the interference pattern of a helium neon laser to control the change 
in the optical path difference with wavenumber accuracy of 0.01 cm-1.  
The beam leaving the interferometer is passed through the sample and is finally focused on the 
detector. The quantity measured by the detector is the intensity I(x) of the recombined IR beams as 
a function of the moving mirror displacement x, so-called interferogram. A frequently used detector 
is a pyroelectric device incorporating deuterium tryglycine sulfate (DTGS). For more sensitive 
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2.1.5 Advantages of the FTIR spectroscopy 
In principle, an interferometer has several basic advantages over a classical dispersive instrument. 
These advantages are:  
Multiplex advantage (Fellgett advantage) All source wavelengths are measured simultaneously in 
an interferometer, whereas in a dispersive spectrometer they are measured successively. A complete 
spectrum can be collected very rapidly and many scans can be averaged in the time taken for a 
single scan of a dispersive spectrometer.  
Throughput advantage (Jacquinot advantage) Energy-wasting slits are not required in the 
interferometer because dispersion or filtering is not needed. Instead, a circular optical aperture is 
commonly used in FTIR systems. The beam area of an FT instrument is usually 75 to 100 times 
larger than the slit width of a dispersive spectrometer. Thus, more radiation energy is made 
available. This constitutes a major advantage for many samples or sampling techniques that are 
energy-limited. In combination with the Multiplex Advantage, this leads to one of the most 
important features of an FT-IR spectrometer: the ability to achieve the same signal-to-noise ratio as 
a dispersive instrument in a much shorter time.  
Connes advantage The wavenumber scale of an interferometer is derived from a HeNe (helium 
neon) laser that acts as an internal reference for each scan. The wavenumber of this laser is known 
very accurately and is very stable. As a result, the wavenumber calibration of interferometers is 
much more accurate (better than 0.01 cm–1) and has much better long term stability than the 
calibration of dispersive instruments.  
Elimination of stray light and emission contributions. The interferometer in FTIR modulates all 
the frequencies. The unmodulated stray light and sample emissions (if any) are not detected. 
Constant resolution Resolution is constant at all wavenumbers in the defined spectral range but the 
signal-to-noise ratio varies across the spectrum. FTIR instruments have a much higher optical 
throughput than dispersive instruments and do not use slits to define the resolution. Instead, the 
resolution is defined by the J-stop (Jacquinot stop) aperture size, which does not change during data 
collection. In dispersive instruments, throughput is typically optimized by adjusting the slit width 
during the scan. Thus, signal-to-noise is constant but resolution varies.  
No discontinuities Because there are no grating or filter changes, there are no  discontinuities in the 
spectrum. 
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2.1.6 FTIR spectroscopy of proteins 
Amide modes:The IR infrared spectra of proteins exhibit absorption bands associated with their 
characteristic amide group, which is common for all molecules of this type (Figure 2-10).  
Figure 2-10: Amide group of proteins 
The characteristic bands of the amide groups of protein chains are similar to the absorption bands 
exhibited by secondary amides in general, and are assigned as amide bands. There are nine such 
bands, called amide A, amide B and amide I-VII, in order of decreasing frequency (Table 2-2) 






A ~3300 NH stretching in resonance 
B ~3100 with 1st amide II overtone 
I 1610-1695 CO stretching  (80% C=O stretching; 10% C-N stretching 
II 1480-1575 
NH bending and CN stretching (10% N-H bending 60%  
N-H bending; 40% C-N) 
III 1220-1320 CN stretching and NH bending ( stretching 30% C-N 
stretching; N-H bending; 10%) 
IV 625-765 OCN bending, mixed with other modes  ( C=O stretching; 
10% O=C-N bending; mixed with other modes 40% 
V 640-800 Out-of-plane NH bending 
VI 535-605 Out-of-plane CO bending 
VII ~200 Skeletal torsion 
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Of all the amide bands, the most intense and most useful for the analysis of the secondary structure 
of proteins was found to be the amide I band, which represents primarily the C=O stretching 
vibration of the amide groups (though coupled to in-plane bending of the N–H and stretching of the 
C–N bonds) and occurs in the region 1600-1700 cm-1. 
The stretching vibrations depend on the length and the strength of the bond. The exact frequency of 
this vibration depends also on the nature of the hydrogen bonding involving the C=O and N-H 
groups, the hydrogen bonds lower the frequency of the stretching vibrations, and the characteristic 
coupling between transition dipoles. The latter leads to characteristic splitting effects of the amide I 
band. The magnitude of this splitting depends on the orientation and distance of interacting dipoles 
and thus provides information about geometrical arrangements of peptide groups in a polypeptide 
chain. Proteins generally possess a variety of different conformations contained in different 
fragments. As a consequence, the observed amide I band is usually a complex composite, consisting 
of a number of overlapping component bands representing helices, β-sheet structures, turns, loops 
and random coils. Hydrogen-deuterium (H/D) substitution also leads to small band shifts of the 
amide I components (amide I′). The scale of the shift depends mainly on the type of the secondary 
structure. 
The amide II band represents mainly the N-H bending, with some C-N stretching. As with the 
amide I band, it is possible to split the amide II band into components that depend on the secondary 
structure of the protein. The position of the amide II band is sensitive to deuteration. The N-
deuteration converts the mode to predominantly C-N stretching vibrations and shifts from around 
1550 cm-1 to a frequency of 1450 cm-1 when deuterated. The N-D bending vibration has a 
considerably lower frequency than the N-H bending vibration and thus no longer couples with the 
C-N stretching vibration. The amide II band of the deuterated proteins (amide II′) overlaps with the 
H-O-D bending vibrations. The latter event makes it difficult to extract structural information from 
the amide II′ band. However, the remainder of the amide II band at 1550 cm-1 may provide 
information on the accessibility of solvent to the peptide backbone. 
Secondary amides in trans-configuration exhibit two characteristic bands at ~3300 cm-1 and 3100 
cm-1, while those in the cis-configuration show two bands at ~3200 and 3100 cm-1. The band 
between 3300-3200 cm-1 is the amide A band and is due to the stretching mode of the N-H bond, 
which is engaged in hydrogen bonding. Its frequency depends on the strength of the hydrogen bond. 
The amide A band is usually part of a Fermi resonance coupled with the second component 
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absorbing weakly between 3100 and 3030 cm-1 (amide B). In polypeptide helices, the NH stretching 
vibration is resonant with an overtone of the amide II vibration, in β-sheets with an amide II 
combination mode. 
Analysis of the secondary structure of proteins: The amide I and/or amide I′ band of proteins and 
peptides consists of a series of overlapping component bands which occur as a result of the 
secondary structures present in such molecules. 
As a consequence, the individual component bands that represent different structural elements, such 
as α-helices, β-sheets, turns, loops and irregular structures are not resolved and are difficult to 
identify in the broad amide I band contours of the experimentally obtained spectra. Resolution 
enhancement of the amide I band allows identifying of the various structures present in a protein.  
Fourier self-deconvolution (Figure 2-11a) and Second Derivative (Figure 2-11b) spectroscopy are 
used to identify the band components and to determine their frequency positions.  
Figure 2-11: Analysis of the secondary structure of proteins 
Both methods do not increase the instrumental resolution, but are mathematical procedures that 
yield narrower component bands. The second derivative spectrum gives a negative peak for every 
band maximum or shoulder in the absorption spectrum.  
By evaluating the second derivative of the original absorbance spectra, it could be find the places 
where the slope of the original line changes due to different components. The changes in the slope 
are due to the summation of the components, which do not combine without small “bumps” in the 
original slope 
However, the derivatization process does not preserve the integrated areas of individual 
components. Additionally these techniques greatly amplify those features in the spectra originating 
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from random noise or uncompensated sharp water vapour band components. Thus the resolution 
enhancement should be performed on spectra with a high signal-to-noise ratio and after complete 
elimination of water vapour bands. 
The use of resolution enhancement spectra for estimation of the secondary structure components in 
proteins is an established technique [69b, 151]. The resolved band components are assigned to α-
helix, β-sheet and turns (Table 2-3).  
Table 2-3: Amide I (I’) frequency for proteins secondary structures 
The assignment of the band components to particular secondary structure of proteins is based on 
theoretical calculations and on empirical spectral-structural correlations established for model 
polypeptides and proteins of known three-dimensional structure. However, such secondary structure 
assignments are by no means exact and for certain proteins band components may appear outside 
the calculated coordinates [152]. For example in highly solvent-exposed α-helices the amide I band 
can shift to 1630-1645 wavenumbers due to additional hydrogen bonding of the solvent accessible 
C=O groups to water [69b, 153]. 
Infrared Absorption of biological molecules present in the prion aggregates: The absorption 
bands of the cell derived chemical compounds associated with the prion rods as lipids, 
carbohydrates and nucleic acids, do not coincide with the amide modes of particular interest such as 
the secondary structure sensitive amide I neither with the sensitive to deuteration amide II or amide 
A regions (Table 2-4). 
Frequency range cm-1 
Experimentally range cm-1 
[68, 152] Conformation 
Calculated 
H2O D2O 
Aggregated Strands 1621-1627 1618-1620 1610-1620 
b-sheet 1628-1640 1625-1640 1620-1635 
Random Coil 1641-1647 1652-1660 1640-1650 
a-helix 1651-1657 1648-1660 1650-1658 
Turns and bends 1651-1657 1660-1697 1655-1685 
High frequency b-sheet 1658-1696 1675-1695 1680-1695 
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However, their absorption components should be considered, too, since they could influence the 
protein structure and stability and the relative proportions between the protein and non-protein 
constituents might contribute to the strain characteristics of the prion rods. 
Investigation of the structural stability of proteins by FT-IR: The amide I band of an aggregated 
protein is dominated by an intensive component at around 1620 cm-1 and a minor component at the 
high-frequency edge of the amide I region due to formation of intermolecular β-sheets. In contrast, 
an unfolded protein with a random coil structure exhibits only a broad amide I band centered at 
approximately 1654 cm-1 (in H2O) or 1645 cm-1 (in D2O). Thus the amide band of unfolded or 
aggregated proteins can be distinguished easily from the amide I band. Therefore, IR spectroscopy 
is well suited for protein stability studies. Folding and unfolding of proteins can be initiated in 
various ways:  
? chemically,  
? thermally  
? by changing of the pressure.  
The changes in the amide I bandwidth, of the wavenumber of maximum absorption, or of the 
absorbance at appropriate wavenumbers can be used to determine specific secondary structure 
transitions. Another way to test the stability or flexibility of proteins is to monitor the H/D exchange 
level, investigating samples in D2O environment. Amide and side chain hydrogen exchange rates 
depend on pH, temperature, and the protein environment. Groups exposed to the solvent exchange 
faster. The hydrogen atoms in a structured region of a protein exchange more slowly than the 
hydrogen atoms in an unstructured part. This is due to the hydrogen bonds, low solvent 
accessibility, and steric hindrance. Protected amide hydrogen protons can be regarded as “closed” to 
exchange. A transition to an “open” state is required to enable exchange with solvent. H/D 
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2.2 Ellipsometry 
Ellipsometry is a versatile and powerful optical technique for the investigation of the dielectric 
properties (complex refractive index or dielectric function) of thin films. It has applications in many 
different fields, from semiconductor physics to microelectronics and biology, from basic research to 
industrial applications. Ellipsometry is a very sensitive measurement technique and provides 
unequalled capabilities for thin film metrology. As an optical technique, spectroscopic ellipsometry 
is non-destructive and contactless. 
Upon the analysis of the change of polarization of light, which is reflected off a sample, 
ellipsometry can yield information about layers that are thinner than the wavelength of the probing 
light itself, even down to a single atomic layer or less. It is commonly used to characterize film 
thickness for single layers or complex multilayer stacks ranging from a few angstroms or tenths of a 
nanometer to several micrometers with an excellent accuracy. 
Linearly polarised light is reflected from the surface of a material. The reflected light becomes 
elliptically polarised the degree of ellipticity being determined by the optical properties of the solid 
being probed. Instruments measure the shape of this polarisation ellipse, hence the names 
ellipsometry. 
Figure 2-12: Schematic diagram of an ellipsometric measurement. Linearly polarised light 
impinges on the sample and acquires elliptical polarisation with relative phase change D and 
relative amplitude change Y. 
There are two special polarization directions for which the reflected light is plane polarized. We 
will define the plane of incidence as that containing the incident beam and the normal to the surface 
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of the solid. Light polarized parallel (p-polarized light) and perpendicular (s-polarized light) to this 
plane will remain plane polarized on reflection (Figure 2-12).  
The ellipsometer will measure the ratio of the reflected p- and s-components (tan psi) and the phase 
difference between these two components (cos Delta). These two parameters are related to the 
fundamental physical properties of the reflecting surface such as the optical constants (refractive 
index n and extinction coefficient k) and the thickness of the material.  
Since ellipsometers measure the ratio of the reflected intensities of two mutually-perpendicularly 
polarised light beams, it does not need a reference beam. This makes ellipsometry highly accurate, 
very reproducible and no reference sample necessary. Furthermore, since it measures a phase 
change, there is increased sensitivity, especially in ultrathin films (less than 10 nm thick).. 
Ellipsometry can determine thin film thickness, optical constants for bulk and thin film materials, 
and often both thickness and optical constants of the film simultaneously. It can measure other 
parameters such as surface roughness, degree of crystallinity, void fractions etc. 
The technique has been known for almost a century, and has many standard applications today. 
However, ellipsometry is also becoming more interesting to researchers in other disciplines such as 
biology and medicine. These areas pose new challenges to the technique, such as measurements on 
unstable liquid surfaces and microscopic imaging. 
Experimental setup 
Electromagnetic radiation is emitted by a light source and linearly polarized by a polarizer. It can 
pass through an optional compensator (retarder, quarter wave plate) and falls onto the sample. 
Figure 2-13: Schematic setup of an ellipsometry experiment. 
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After reflection the radiation passes a compensator (optional) and a second polarizer, which is 
called analyzer, and falls into the detector. Instead of the compensators some ellipsometers use a 
phase-modulator in the path of the incident light beam.  
Ellipsometry is a specular optical technique (the angle of incidence equals the angle of reflection). 
The incident and the reflected beam span the plane of incidence. Light, which is polarized parallel 
or perpendicular to the plane of incidence, is called p or s polarized, respectively. 
The instrument employed for ellipsometric measurements in the present work was an Alpha-
Spectroscopic Ellipsometer™ (J.A. Woollam, USA) (Figure 2-14).  
Figure 2-14: Spectroscopic ellipsometry (SE) alpha-Woollam. 
This is a compact fixed-angle ellipsometer working in reflection mode, in the wavelength range 
370–900 nm (Fourier transform). The angle can be manually set to either 70° or 90°.
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2.3 Fluorescence spectroscopy 
Fluorescence spectroscopy is one of the most widely used spectroscopic techniques in the fields of 
biochemistry and molecular biophysics today. Although fluorescence measurements do not provide 
detailed structural information, the technique has become quite popular because of its acute 
sensitivity to changes in the structural and dynamic properties of biomolecules and biomolecular 
complexes. Like most biophysical techniques, fluorescence spectroscopic studies can be carried out 
at many levels ranging from simple measurement of steady-state emission intensity to quite 
sophisticated time-resolved studies. The information content increases dramatically as various 
fluorescence observables are time resolved and combined in global analyses of the phenomena of 
interest. Nonetheless, quite a good deal of information is available from steady-state measurements 
for which the requirements in instrumentation are quite modest. Consequently, steady-state 
fluorometers are routinely used to measure complexation and conformational phenomena of 
biological molecules. 
Molecules have various states referred to as energy levels. Fluorescence spectroscopy is primarily 
concerned with electronic and vibrational states. Generally, the species being examined will have a 
ground electronic state (a low energy state) of interest, and an excited electronic state of higher 
energy. Within each of these electronic states are various vibrational states. 
In fluorescence spectroscopy, the species is first excited, by absorbing a photon, from its ground 
electronic state to one of the various vibrational states in the excited electronic state. Collisions with 
other molecules cause the excited molecule to lose vibrational energy until it reaches the lowest 
vibrational state of the excited electronic state. 
The molecule then drops down to one of the various vibrational levels of the ground electronic state 
again, emitting a photon in the process. As molecules may drop down into any of several vibrational 
levels in the ground state, the emitted photons will have different energies, and thus frequencies. 
Therefore, by analysing the different frequencies of light emitted in fluorescent spectroscopy, along 
with their relative intensities, the structure of the different vibrational levels can be determined. 
In a typical experiment, the different frequencies of fluorescent light emitted by a sample are 
measured, holding the excitation light at a constant wavelength. This is called an emission 
spectrum. An excitation spectrum is measured by recording a number of emission spectra using 
different wavelengths of excitation light. 
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2.3.1 Absorption, excitation, and emission 
Fluorescence is a member of the luminescence family of processes in which susceptible molecules 
emit light from electronically excited states created by either a physical (for example, absorption of 
light), mechanical (friction), or chemical mechanism. Generation of luminescence through 
excitation of a molecule by ultraviolet or visible light photons is a phenomenon termed 
photoluminescence, which is formally divided into two categories,  
1. Fluorescence  
2. Phosphorescence, 
depending upon the electronic configuration of the excited state and the emission pathway.  
Table 2-5: Timescale Range for Fluorescence Processes 
 Process Time scale ( sec.) 
S0            Sn absorption Istantaneoly  
Sn           S1 internal conversion (10-11 - 10-14 sec) 
  S1            S0 + hν fluorescence (10-7 - 10-9 sec) 
 S1            Tn intersystem crossing (10-8 sec 
  S1          S0 internal conversion (10-5 - 10-7 sec) 
  T1           S0 + hν phosphorescence (10 - 10-3 sec) 
T1            S0 internal conversion (10 - 10-3 sec) 
Schematic state energy level diagram 
Fluorescence is the property of some atoms and molecules to absorb light at a particular wavelength 
and to subsequently emit light of longer wavelength after a brief interval, termed the fluorescence 
lifetime. The process of phosphorescence occurs in a manner similar to fluorescence, but with a 
much longer excited state lifetime. The fluorescence process is governed by three important events, 
all of which occur on timescales that are separated by several orders of magnitude (Table 2-5). 
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Excitation of a susceptible molecule by an incoming photon happens in femtoseconds (10-15 
seconds), while vibrational relaxation of excited state electrons to the lowest energy level is much 
slower and can be measured in picoseconds (10-12 seconds).  
The final process, emission of a longer wavelength photon and return of the molecule to the ground 
state, occurs in the relatively long time period of nanoseconds (10-9 seconds). Although the entire 
molecular fluorescence lifetime, from excitation to emission, is measured in only billionths of a 
second, the phenomenon is a stunning manifestation of the interaction between light and matter that 
forms the basis for the expansive fields of steady state and time-resolved fluorescence spectroscopy 
and microscopy. Because of the tremendously sensitive emission profiles, spatial resolution, and 
high specificity of fluorescence investigations, the technique is rapidly becoming an important tool 
in genetics and cell biology. 
The category of molecules capable of undergoing electronic transitions that ultimately result in 
fluorescence are known as fluorescent probes, fluorochromes, or simply dyes. Fluorochromes that 
are conjugated to a larger macromolecule (such as a nucleic acid, lipid, enzyme, or protein) through 
adsorption or covalent bonds are termed fluorophores. In general, fluorophores are divided into two 
broad classes, termed intrinsic and extrinsic. Intrinsic fluorophores, such as aromatic amino acids, 
neurotransmitters, porphyrins, and green fluorescent protein, are those that occur naturally. 
Extrinsic fluorophores are synthetic dyes or modified biochemicals that are added to a specimen to 
produce fluorescence with specific spectral properties. 
Absorption of energy by fluorochromes occurs between the closely spaced vibrational and 
rotational energy levels of the excited states in different molecular orbitals. The various energy 
levels involved in the absorption and emission of light by a fluorophore are classically presented by 
a Jablonski energy diagram (Figure 2-15), named in honor of the Polish physicist Professor 
Alexander Jablonski. A typical Jablonski diagram illustrates the singlet ground (S0) state, as well as 
the first (S1) and second (S2) excited singlet states as a stack of horizontal lines. In Figure 2-15, the 
thicker lines represent electronic energy levels, while the thinner lines denote the various vibrational 
energy states (rotational energy states are ignored). Transitions between the states are illustrated as 
straight or wavy arrows, depending upon whether the transition is associated with absorption or 
emission of a photon (straight arrow) or results from a molecular internal conversion or non-
radiative relaxation process (wavy arrows). Vertical upward arrows are utilized to indicate the 
instantaneous nature of excitation processes, while the wavy arrows are reserved for those events 
that occur on a much longer timescale. 
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Figure 2-15: Jablonski energy diagram 
With ultraviolet or visible light, common fluorophores are usually excited to higher vibrational 
levels of the first (S1) or second (S2) singlet energy state. In a typical fluorophore, irradiation with a 
wide spectrum of wavelengths will generate an entire range of allowed transitions that populate the 
various vibrational energy levels of the excited states. Some of these transitions will have a much 
higher degree of probability than others, and when combined, will constitute the absorption 
spectrum of the molecule. Immediately following absorption of a photon, several processes will 
occur with varying probabilities, but the most likely will be relaxation to the lowest vibrational 
energy level of the first excited state (S1 = 0; Figure 2-15). This process is known as internal 
conversion or vibrational relaxation (loss of energy in the absence of light emission) and generally 
occurs in a picosecond or less. Because a significant number of vibration cycles transpire during the 
lifetime of excited states, molecules virtually always undergo complete vibrational relaxation during 
their excited lifetimes. The excess vibrational energy is converted into heat, which is absorbed by 
neighboring solvent molecules upon colliding with the excited state fluorophore. 
An excited molecule exists in the lowest excited singlet state (S1) for periods on the order of 
nanoseconds (the longest time period in the fluorescence process by several orders of magnitude) 
before finally relaxing to the ground state. If relaxation from this long-lived state is accompanied by 
emission of a photon, the process is formally known as fluorescence. The closely spaced vibrational 
energy levels of the ground state, when coupled with normal thermal motion, produce a wide range 
of photon energies during emission. As a result, fluorescence is normally observed as emission 
intensity over a band of wavelengths rather than a sharp line. Most fluorophores can repeat the 
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excitation and emission cycle many hundreds to thousands of times before the highly reactive 
excited state molecule is photobleached, resulting in the destruction of fluorescence. Several other 
relaxation pathways that have varying degrees of probability compete with the fluorescence 
emission process. The excited state energy can be dissipated non-radiatively as heat (illustrated by 
the cyan wavy arrow in Figure 2-15), the excited fluorophore can collide with another molecule to 
transfer energy in a second type of non-radiative process (for example, quenching, as indicated by 
the purple wavy arrow in Figure 2-15), or a phenomenon known as intersystem crossing to the 
lowest excited triplet state can occur (the blue wavy arrow in Figure 2-15). The latter event is 
relatively rare, but ultimately results either in emission of a photon through phosphorescence or a 
transition back to the excited singlet state that yields delayed fluorescence. Transitions from the 
triplet excited state to the singlet ground state are forbidden, which results in rate constants for 
triplet emission that are several orders of magnitude lower than those for fluorescence. 
Both of the triplet state transitions are diagrammed on the right-hand side of the Jablonski energy 
profile illustrated in Figure 2-15. The low probability of intersystem crossing arises from the fact 
that molecules must first undergo spin conversion to produce unpaired electrons, an unfavorable 
process. The primary importance of the triplet state is the high degree of chemical reactivity 
exhibited by molecules in this state, which often results in photobleaching and the production of 
damaging free radicals. In biological specimens, dissolved oxygen is a very effective quenching 
agent for fluorophores in the triplet state. The ground state oxygen molecule, which is normally a 
triplet, can be excited to a reactive singlet state, leading to reactions that bleach the fluorophore or 
exhibit a phototoxic effect on living cells. Fluorophores in the triplet state can also react directly 
with other biological molecules, often resulting in deactivation of both species. Molecules 
containing heavy atoms, such as the halogens and many transition metals, often facilitate 
intersystem crossing and are frequently phosphorescent. 
The probability of a transition occurring from the ground state (S0) to the excited singlet state (S1) 
depends on the degree of similarity between the vibrational and rotational energy states when an 
electron resides in the ground state versus those present in the excited state, as outlined in Figure 
2-16. This concept is referred to as the Franck-Condon Principle. The wavelength of maximum 
absorption (red line in the center) represents the most probable internuclear separation in the ground 
state to an allowed vibrational level in the excited state. The Franck-Condon energy diagram 
illustrated in Figure 2-16 presents the vibrational energy probability distribution among the various 
levels in the ground (S0) and first excited (S1) states for a hypothetical molecule. 
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Excitation transitions (red lines) from the ground to the excited state occur in such a short 
timeframe (femtoseconds) that the internuclear distance associated with the bonding orbitals does 
not have sufficient time to change, and thus the transitions are represented as vertical lines.  
Figure 2-16: Frank-Condon Energy Diagram 
At room temperature, thermal energy is not adequate to significantly populate excited energy states 
and the most likely state for an electron is the ground state (SO), which contains a number of distinct 
vibrational energy states, each with differing energy levels. The most favored transitions will be the 
ones where the rotational and vibrational electron density probabilities maximally overlap in both 
the ground and excited states (Figure 2-16). However, incident photons of varying wavelength (and 
quanta) may have sufficient energy to be absorbed and often produce transitions from other 
internuclear separation distances and vibrational energy levels. This effect gives rise to an 
absorption spectrum containing multiple peaks (Figure 2-17). The wide range of photon energies 
associated with absorption transitions in fluorophores causes the resulting spectra to appear as broad 
bands rather than discrete lines. The hypothetical absorption spectrum illustrated in Figure 3 (blue 
band) results from several favored electronic transitions from the ground state to the lowest excited 
energy state (labeled S0 and S1, respectively). 
Superimposed over the absorption spectrum are vertical lines (yellow) representing the transitions 
from the lowest vibrational level in the ground state to higher vibrational energy levels in the 
excited state. Note that transitions to the highest excited vibrational levels are those occurring at 
higher photon energies (lower wavelength or higher wavenumber). The approximate energies 
associated with the transitions are denoted in electron-volts (eV) along the upper abscissa of Figure 
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2-17. Vibrational levels associated with the ground and excited states are also included along the 
right-hand ordinate. 
Figure 2-17: Electronic absorption and emission bands 
Scanning through the absorption spectrum of a fluorophore while recording the emission intensity 
at a single wavelength (usually the wavelength of maximum emission intensity) will generate the 
excitation spectrum. Likewise, exciting the fluorophore at a single wavelength (again, preferably 
the wavelength of maximum absorption) while scanning through the emission wavelengths will 
reveal the emission spectral profile. The excitation and emission spectra may be considered as 
probability distribution functions that a photon of given quantum energy will be absorbed and 
ultimately enable the fluorophore to emit a second photon in the form of fluorescence radiation. 
Because the energy associated with fluorescence emission transitions is typically less than that of 
absorption, the resulting emitted photons have less energy and are shifted to longer wavelengths. 
This phenomenon is generally known as Stokes Shift and occurs for virtually all fluorophores 
commonly employed in solution investigations. The primary origin of the Stokes shift is the rapid 
decay of excited electrons to the lowest vibrational energy level of the S1excited state. In addition, 
fluorescence emission is usually accompanied by transitions to higher vibrational energy levels of 
the ground state, resulting in further loss of excitation energy to thermal equilibration of the excess 
vibrational energy. Other events, such as solvent orientation effects, excited-state reactions, 
complex formation, and resonance energy transfer can also contribute to longer emission 
wavelengths. 
In practice, the Stokes shift is measured as the difference between the maximum wavelengths in the 
excitation and emission spectra of a particular fluorochrome or fluorophore. The size of the shift 
varies with molecular structure, but can range from just a few nanometers to over several hundred 
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nanometers. The existence of Stokes shift is critical to the extremely high sensitivity of fluorescence 
imaging measurements. The red emission shift enables the use of precision bandwidth optical filters 
to effectively block excitation light from reaching the detector so the relatively faint fluorescence 
signal (having a low number of emitted photons) can be observed against a low-noise background. 
2.3.2 Instrumentation 
Two general types of instruments exist: 
• Filter fluorometers use filters to isolate the incident light and fluorescent light.  
• Spectrofluorometers use diffraction grating monochromators to isolate the incident light and 
fluorescent light.  
Figure 2-18: Schematic of a fluorometer with 90° geometry utilizing a Xe light source 
Both types utilize the following scheme: The light from an excitation source passes through a filter 
or monochromator, and strikes the sample. A proportion of the incident light is absorbed by the 
sample, and some of the molecules in the sample fluoresce. The fluorescent light is emitted in all 
directions. Some of this fluorescent light passes through a second filter or monochromator and 
reaches a detector, which is usually placed at 90° to the incident light beam to minimize the risk of 
transmitted or reflected incident light reaching the detector. 
The instrument employed for ellipsometric measurements in the present work was 
Spectrofluorometer Horiba Jobin Yvon FluoroMax-3. 
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3 Aims of the project 
Adequate methods to detect and screen prion related diseases could prevent the mass killing of 
animals while simultaneously ensuring the safety of animal-based food products. Since 
identification and quantification of proteins and their folding mechanism are very important in 
disease diagnosis, nanotechnology based approaches could perhaps be used to develop detection 
assays that are very sensitive with ability to differentiate between structural elements [155]. 
Aim of this project is to find out silica and titania mesoporous functionalized mesostructured 
materials which will be subject to an optimization process, consisting in selecting both the most 
efficient functionalization "ligands" (among many now available) and the most suitable 
nanostructured materials. Therefore, one of most important objective will be focalized on 
preparation of functionalized mesoporous materials with specific ligand such as antibody, aptamer 
(oligonucleic acid or peptide molecules that bind a specific target molecule). Controlling of 
chemical and processing variables will permit the easy creation and reproduction of an amazing 
library of functional-pore arrays in which tailored diffusion of substrates is possible. 
Two different kind of mesoporous film were synthesized: 
1. Titania mesoporous film 
2. Silica mesoprous film 
Both kind of mesoporous film were functionalized by: 
1. One-pot 
2. Post grafting 
In order to study the capacity of film in protein discrimination, capture and capture, amino 
functionalized film were modified by specific ligand. 
The stability of films was tested in PBS-solution to mimic the biological conditions. 
The behavior and ability of functionalized film to immobilize the proteins were preliminary, 
evaluated in Lysozyme or BSA standard solution. 
The efficacy of the film in terms of capture and detection of PrPc/PrPsc was investigated in 
biological samples. 
All prepared film were characterized by thickness measurement and FTIR analysis. 
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4 Materials and methods 
4.1 Materials 
Chemicals Chemical structure and/or Name Abbreviation D 
Zirchornia tetrachloride ZrCl4 - Fluka 
Hafnia tetrachloride HfCl4 - Fluka 
Titania tetrachloride TiCl4 - Fluka 







Ethanol EtOH - Carlo Erba 


























Sodium phosphotungstic acid Na3PW12O4 NaPTA 
Sigma-
Aldrich 
Sulphuric acid H2SO4 - Carlo Erba 
Tetrahydrofuran 
O  
THF Carlo Erba 
MeOH CH3OH - Carlo Erba 
Triethoxysilane Si(OCH2CH3)4 TEOS ABCR 
Phosphate buffer KH2PO4 / Na2HPO4 PB 
Sigma-
Aldrich 
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- Carlo Erba 
All chemicals were used as received.  
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4.2 Methods 
4.2.1 Film preparation 
4.2.1.1 Transition-metal oxide  
• Dip coating solution 
The solution was prepared by slowly adding of TiCl4 (Table 4-1, A), HfCl4 (Table 4-1, B), and 
ZrCl4 (Table 4-1, C) to a solution containing anhydrous EtOH (23 ml) and Pluronic F127 (0.67 g). 
Finally, to this solution a different volume of H2O is added (Table 4-1). A summary of solution 
composition used was reported in Table 4-1.  
Table 4-1: Mols composition of solution used for the film deposition. 
The final solutions are very acidic ([H+] > 1 mol dm-3) and stable for several months at ambient 
temperature (20-25 °C) or 1-2 weeks at 30 °C The inorganic precursors are quickly hydrolyzed and 
must be manipulated in inert, dry atmosphere.  
 
 EtOH H2O Pluronic F127 TiCl4 ZrCl4 HfCl4 
A 40 0.1 0.005 0.1   
B 40 0.2 0.005   0.1 
C 40 0.2 0.005  0.1  
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Figure 4-1: Preparation dipping solution for film deposition 
Care must be taken during the addition of TiCl4 into the template alcoholic solution, because the 
reaction is exothermic and chloridic acid (HCl) is released.  
The parameter s (template / metal ratio) was adjusted so that the typical sol contained 
approximately one ethylene oxide (EO) group per metal. The addition of water causes the 
hydrolysis of the inorganic moieties, producing in situ ethanol and HCl, the latter being the reason 
for the high stability of the sols. 
• Film Deposition 
Mesoporous thin films supported on 0.5-mm-thick silicon wafers were synthesized using a dip-
coating alcohol evaporization method. The common choice for the substrates is Si wafers (typically 
100-oriented, p-type B-doped, thickness 400 µm) because they are suitable for FTIR measurements. 
When FTIR spectra are acquired, a crystalline Si substrate allows transmission of the incident 
radiation due to its transparency in the mid-IR region. The silicon wafers were cleaned with water, 
acetone, and ethanol just prior to film deposition. Films were deposited at room temperatures (25 
°C) by dip-coating at constant withdrawal rates 1.5 mm s-1. The relative humidity (RH) inside the 
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Figure 4-2: Dip coater a homemade instrument for film deposition via dip-coating. 
Immediately after the drying line reaches the drop, the RH is raised to 33%. Films are aged at RH in 
the 96-98% range for one night, and they are heated at 60 for 24 h and then at 100 °C for further 24 
h. A gradual heating was applied to increase inorganic polymerization and stabilize the mesophase. 
Finally, the template was removed by calcination at temperatures at 350 °C for 1 h  
4.2.1.2 Preparation of mesoporous silica films 
• Dip coating solution 
The solution used for film deposition was obtained by mixing two different stock solution. 
Stock solution A (Figure 4-3) was prepared by mixing TEOS (28.3 mmol), ethanol (19.8 ml), water 
(1.005ml), and (HCl 1.066ml, 1M) with the molar ratios TEOS:EtOH:H2O:HCl = 1:8.6:4:0.001. 
The solution was stirred 1h at room temperature to allow the hydrolysis of the silane.  
Stock solution B (Figure 4-3) was prepared, by addition of Pluronic F127 (1.3 g), EtOH (3.08 mL) 
and HCl (1.5 ml 5⋅10-3 M).  
After mixing of stock solution A and B, the final molar ratios were TEOS: EtOH: H2O: HCl: F127 
= 1: 16: 24: 0.018: 0.005.  
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Figure 4-3: General scheme for preparation of dipping solution for mesoporous SiO2 film 
• Film deposition 
Films were deposited on the silicon substrates, previously cleaned with EtOH, and acetone, via dip-
coating at room temperature. The withdrawal speed and the relative humidity (RH) in the deposition 
chamber were set at 30 cm·min-1 and at 25% respectively. Finally, the samples were dried at 60°C 
for 1 h and then calcinated in air at 350°C for 1h. 
4.2.2 Film Functionalizzation 
4.2.2.1 Postsynthetic grafting  
For the post grafting surface functionalization with amino group (Figure 4-4), the prepared thin 
films were stirred in THF solution containing (3-aminopropyl)trimethoxysilane (APTMS) (20 
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Figure 4-4: Post-grafting functionalization 
Subsequently, the amino-film were carefully rinsed with THF, then in EtOH and dried at 60°C. 
4.2.2.2 One functionalizzation. 
Amino mesoporous thin films were synthesized, under controlled deposition conditions (T, RH), as 
previously reported, by dip-coating of silicon wafers into a water-ethanol solution containing 
inorganic precursor MCl4 (M=Ti, Hf, Zr) or TEOS, (3-aminopropyl)triethoxysilane (APTES) 
(Figure 4-5) and Pluronic F127.  
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Transition Metal Oxide:  
Preparation of Dipping solution: the solution was prepared by slowly adding of MCl4 (M=Ti, Hf, 
Zr) to a solution containing anhydrous EtOH (23 ml) and Pluronic F127 (0.67 g). Finally, to this 
solution a different volume of H2O is added (Table 4-1), and, dropwise, APTES (0,26 ml) was 
added. The molar ratios were [MCl4 : APTES] = [x : (1-x)].  
The MCl4 Lewis acid species in solution and the protons liberated by the hydrolysis of MCl4 control 
the Si-O hydrolysis bond and M condensation. 
Film deposition: After aging solutions for 3 h, film deposition has been performed in a two step 
procedure: 
1) dry atmosphere RH, 18%,  
2) short exposure to water vapors [156] leading to as prepared film. 
The as prepared films were stabilized by post treatment at RT and 85% RH for 15 h, followed by 
heating at 60°C for 5 h, then 100 °C for 24 h. A partial removing of the polymer template was 
performed by thermal treatment of the film at 150°C. 
Silicon oxide 
Preparation of Dipping solution: the solution used for film deposition was obtained by mixing two 
different stock solution. Stock solution A was prepared by mixing TEOS (18.8 mmol), ethanol 
(19.8 ml), water (1.005 ml), and (HCl 1.066 ml, 1M). The solution was stirred 1h at room 
temperature to allow the hydrolysis of the silane.  
Stock solution B was prepared, by addition of Pluronic F127 (1.3 g), EtOH (3.08 mL) and HCl (1.5 
ml 5⋅10-3 M). After mixing of stock solution A and B, HCl (11.37 M,0.33 ml ) and APTES (3.77 
mmol) were added dropwise.  
The final solution has the following the molar ratios (TEOS:APTES):EtOH:H2O:HCl = [(x:(1-
x)):8.6:4:0.001] 
Film deposition: Films were deposited on the silicon substrates, previously cleaned with EtOH, and 
acetone, via dip-coating at room temperature. The withdrawal speed and the relative humidity (RH) 
in the deposition chamber were set at 30 cm·min-1 and at 25% respectively. Finally, the samples 
were dried at 60°C for 1 h and then calcinated in air at 150°C for 12h. 
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4.2.3 Stability of mesoporous films (PBS) 
Stability of mesoporous films before and after functionalizzation in buffer solution to mimic 
biological condition has been evaluated. Each film was immersed in a PBS solution (pH 7.4), at 
room temperature, in a vessel covered to prevent evaporation. Samples were withdrawn periodically 
for thickness measurement and FTIR analysis and then returned to the mixture. 
4.2.4 Linker of specific protein ligands 
In order to ensure the capture of PrP by mesoporous film the amino functionalized was modified 
with specific ligands.  
• The sodium phosphotungstic acid (Na3PW12O4, NaPTA) was selected for the modification of 
titania and silica film, via ionic anchoring  
• Polyamines, such as dendrimers, were chosen for the covalent modification of silica films. 
• On the other hands, polythiophene acetic acid (PTAA) were tested in surface modification 
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4.2.4.1 Ionic Anchoring of NaPTA  
Amino mesoporous films were stirred in a sulphuric acidic solution (H2SO4, pH 2-3) of Na3PW12O40 
(NaPTA) (5 mM) for 16 h (Figure 4-6) at room temperature. The anchored films were withdrawn 
from the solution, washed with H2SO4 (1N) and in deionized water (two times) and finally air-dried 
at 80°C. 
Figure 4-6: NaPTA anchoring on amino mesoporous films 
4.2.4.2  Polyamidoamine functionalizazion 
Polyamidoamine-mesoporous silica film, are synthesized by repeating two processes: (1) Michael 
addition of acryl ester, such as methyl acrylate (MA), to ammonia as an initiator core, and (2) 
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Michael addition: Mesoporous amino silica film were immersed Into a vessel that contained a 
solution MeOH (20.0ml) and MA (0.20 ml). The flask was sealed, and the mixture was stirred with 
a magnetic stirrer at 50°C. After 24 h, the resulting mesoporous film was d washed with methanol 
(two times) (Figure 4-7). 
Figure 4-7: Preparation of polyamidoamine dendrimer-grafted silica. 
Amidation of terminal ester groups: The mesoporous film prepared via Michael Addition 
were immersed into a 100~ml flask that contained a solution of methanol (20.0 ml) and EDA (1 
ml). The flask was sealed, and the mixture was stirred with a magnetic stirrer at 50°C. After 24 h, 
the dendrimer-mesoporous film  were washed with methanol (Figure 4-7). 
4.2.4.3 Physical adsorption of polythiophene acetic acid (PTAA)  
As reference, the precursor titania-amino sol was prepared with the same procedure as that 
described for mesostructured films but without the addition of the surfactant. Titania-amino 
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A stock solution containing 1.0 mg / ml of PTAA in deionized water was prepared. Hundred 
microliters of the polymer solution were diluted with deionized water to a final volume of 1 ml. A 
little volume of diluted solution were deposited on the surface of mesoporous and sol-gel TiO2-
APTES. The solution were incubated for 16-18 h at room temperature. Then, the doped PTAA 
TiO2-APTES films were washed with water (for removing the excess of PTAA) and dried at 60°C 
for 60 min. 
4.2.5 Protein adsorption in PBS 
To analyze the behavior of the mesoporous film with the protein, film before and after any 
functionalizzation, were treated in the presence of solution of standard protein, such as Lysozyme or 
Bovim Serum Albumine, in a buffer to mimic biological conditions. 
Protein stock solutions was prepared (1 mg / ml) in PBS (pH=7.4). Experiments were carried out by 
immersion of mesoporous film in a falcon tube containing protein solution, at 4°C for 16 h. Then, 
excess buffer was removed from the film surface by rinsing several times with H2O. All 
mesoporous material are placed on a thermostatically controlled hotplate at 60 °C for 60 min.  
4.2.6 Biological Test: Brain Homogenate 
4.2.6.1 Preparation of biological sample 
Preparation of biological samples were performed at Istituto Zooprofilatico della Sardegna (IZS). 
Positive samples were derived from experimental infected sheep whereas the negative ones derive 
from “routine sample”. Adequate amounts of tissue material (1 g) were homogenized in opportune 
buffer (10 times buffer /mg of tissue). Then, a diluition sample was obtained taking 10µl of sample 
(20%) in 10 ml of PBS. 
4.2.6.2 Brain homogenate incubation 
The functionalized mesoporous films before and after any functionalization were tested using a 
solution of positive and negative brain homogenate. One film was immersed in PBS as a reference. 
The incubation were carried out (overnight, at 4°C) in a falcon tube containing a solution buffer-
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brain homogenate (pH 7.4). Subsequently, these substrates were rinsed with PBS buffer (for 
removing the excess of brain homogate) and water (for removing the excess of phosphates), dried in 
at 60°C for 60 min. 
4.2.7 Creation pH-responsive charged surface 
In order to evaluate the behavior of PTAA in different environment conditions, mesoporous amino 
titania film were treated under basic and acidic conditions for speciation of amino/ammonium 
groups. Films were immersed in aqueosous solution at pH 4 and 10. The pH of the solution was 
adjusted by titration of NaOH (0.2 M). with an adequate amount of HClO4. Each film was 
immersed for 20 min. at room temperature at a given pH and subsequently rinsed two times with 
EtOH. Films submitted at a given pH were let to dry at room temperature in open flask before 
measuring. 
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4.3 Characterization of mesoporous film.  
Refractive index and thickness of film measurements were made with a J.A. Wollam Co. 
M44 spectroscopic ellipsometer using a Cauchy dispersion model to determine film optical 
constants. All refractive index values (measured at a wavelength of 632.5 nm) and thickness 
measurements were made in triplicate and averaged to obtain the data points. 
Infrared absorption spectra in the range 4000-400 cm-1 were recorded by Fourier transform 
infrared spectroscopy (FTIR) (Nicolet Nexus), 256 scans with a resolution of 4 cm-1, on films 
deposited on silicon wafers. A silicon wafer was used as substrates to measure the background. 
Fluorescence analysis was performed using a FluoroMax-3 Horiba Jobin-Yvon 
spectrofluorometer. The probing beam was set to impinge on one side of the sample (incidence 
angle of 2−3°) so that the sample acted as a waveguide for the incident light wave, while the 
luminescence was collected at 90° with respect to the incident beam. This configuration enhanced 
the signal-to-noise ratio and limited the reflection effects. Each acquisition is the average of three 
different accumulations. Emission spectra were collected between 495 and 800 nm, using an 
excitation wavelength of 480 nm. For 3D mapping, an excitation range from 200 to 700 nm and an 
emission range from 200 to 800 nm were used. For each sample, integration time and slit widths 
were optimized to maximize the signal-to-noise ratio and to avoid saturation of the detector. 
Analysis results  
A Baseline fitting procedure has been applied to the FTIR Spectra (OPUS 5.5) with 25 pt of 
smoothing and concave rubberband (10 iterations, 64 points). 
Further investigations, peak peaking and second derivative has been performed by (Microcal Origin 
Software 8.0). 
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5 Results and discussion 
5.1 Study of the stability of mesoporous materials 
5.1.1 Mesoporous Silica Film  
The organic tailoring of the internal surface of mesoporous materials has recently received great 
attention in terms of the application of such materials in the fields of catalysis, sensing and 
adsorption. This organic mesoporous functionalization has been widely achieved by the grafting of 
functional groups [157]. Recently, direct synthesis involving co-condensation of siloxane and 
organosiloxane species in the presence of different templating surfactants has been shown to be a 
promising alternative to the grafting procedures [158, 159, 160]. 
Silica materials with a mesostructured organization have been synthesized via surfactant templating 
supramolecular chemistry [161] Mesoporous materials have been obtained as powders for a large 
variety of oxides, while thin oxide films have been more difficult to fabricate, because of the need 
for a strict control of the experimental parameters during the evaporation-induced self-assembly 
(EISA) process that governs the mesophase formation during film deposition [162. Many efforts 
have been addressed for the preparation of such mesoporous silica films on glass or silicon 
substrates using sol-gel chemistry in conjunction with ionic or nonionic surfactants [163]. 
In this research project, FTIR spectroscopy has thus been used to study the structural changes in the 
silica network during the different functionalizzation steps of the film. 
5.1.2 Preparation of mesoporous SiO2 film 
The FTIR spectrum in the 4000-450 cm-1 range of a calcinated film is shown in Figure 5-1. 
According to the main vibrational modes the spectra could be divided in two main region of 
interest:  
1) hydroxyl species (3800-3000 cm-1) 
2) silica species (1800-400 cm-1). 
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Figure 5-1: Absorption FTIR spectrum of an calcinated mesoporous silica film deposited by dip-
coating on silicon substrate. 
Hydroxyl species 
On the basis of the literature, two main groups of bands can be assigned in this interval: (a) 
stretching modes of OH groups not involved or partially involved in hydrogen bonding, which 
include isolated OH and terminal OH (~3800-3650 cm-1); (b) stretching modes of hydrogen-bonded 
H groups (~3650-3200 cm-1) (Figure 5-2). 
 
Figure 5-2: FTIR absorption spectra, in the range 3800-3000 cm-1, of silica mesoporous films.  
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In the first group, located at higher frequency, a sharp narrow peak around ~3740 cm-1 is assigned 
to isolated silanol groups (red line in Figure 5-3) [164], in the same region (~3700-3600 cm-1) are 
also located vibrational modes due to terminal silanols (blue line in Figure 5-3). 
Figure 5-3: FTIR absorption spectra of mesoporous silica films around the region of stretching 
modes of OH upon thermal treatment 350°C. 
A distinct identification of these modes is difficult to reach in normal conditions and the 
measurements must be done in a out gassed atmosphere.  
The second group, in which hydrogen bonded silanols in chains that contain more than a pair of 
mutually H-bonded OH groups (Figure 5-4) are, instead, observed as a broad band in the ~3650-
3200 cm-1 region (Figure 5-2).  
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Molecularly adsorbed water shows an intense absorption band between 3300 and 3500 cm-1 
assigned to O-H stretching in H-bonded water. This band can be cross-checked through the 1640 
cm-1 band due to bending vibration of molecular water (Figure 5-1).  
Si-O-Si bonds vibrational modes:  
FTIR spectra depicted in Figure 5-5 of mesoporous silica materials are characterized by three main 
absorption bands assigned to different vibrational modes of the Si-O-Si bonds around 1070, 800, 
and 460 cm-1.  
Figure 5-5: FTIR absorption spectra of mesoporous silica films around the region of ν (Si-O-Si) 
upon thermal treatment 350°C. 
The attribution of these bands to specific molecular motions is well established  and these modes 
can be taken as the silica fingerprint [165] and are summarized in Table 5-1. 




1210 LO3 (longitudinal-optical) higher-frequency shoulder of TO3 
1074 TO3 antisymmetric stretching of Si-O-Si 
967 Si-OH stretching 
811 TO2 symmetric stretching of Si-O-Si 
456 TO1 (transverse-optical) rocking motion of the O atoms perpendicular to the Si-O-Si  






















Study of the stability of Mesoporous film                                        Results and discussion 
97 
Sonia Fresu-Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli studi di Sassari 
Transverse-optical vibrational modes (TO1) mode, ρ(Si-O-Si: The lowest frequency mode (~460 
cm-1) is assigned to transverse-optical (TO) rocking motions, perpendicular to the Si-O-Si plane, of 
the oxygens bridging two adjacent Si atoms (Figure 5-6 (a) e (b)) 
Figure 5-6: Schematic representation of the vibrational motions of oxygen atoms (dark) with 
respect to the bridged silicon atoms (gray): symmetric stretching motion along the bisector of the 
Si-O-Si bridging angle (a) and (b), antisymmetric stretching motion parallel to the Si–Si line 
between the two bridged cations (c) and (d), rocking motion perpendicular to the Si-O-Si plane (e) 
and (f). 
Transverse-optical (TO2) mode, νs(Si-O-Si): Near ~800 cm-1 is observed a weak band due to TO 
symmetric stretching of the O atom along a line bisecting the Si-O-Si angle (Figure 5-6 (c) and (d)). 
Transverse-optical (TO3) mode, νas(Si-O-Si): The highest frequency mode involves motion back 
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5.1.3 Study of stability mesoporous silica film SiO2 in buffer solution 
Stability of mesoporous film was measured by immersion of the samples in pH 7.4 in PBS buffer; 
solution. This particular environment was selected because of its relevance in biological and hybrid 
inorganic/biological materials research. 
PBS-solution 
Qualitative information on the behavior of nanostructured interfaces interacting with biological 
relevant environments could be obtained by performing thickness measurement. 
The thickness of a mesoporous thin film can be measured by ellipsometry and data were acquired at 
each interval time of the experiment.  
The trend of the change in refractive index and thickness, measured at a selected wavelength (λ = 
632.5 nm), for mesoporous SiO2 film upon exposure to PBS from 0 to 48 h is reported in Figure 5-7 
Figure 5-7: Relative Thisckness of the film (blu line) and refractive index (red line) of silica 
mesoporous film as a function exposure to PBS at room temperature. 
An decrease of thickness of ~ 200 nm was observed after 2 h of exposure and hydrolysis of SiO2 is 
complete in 18 h.  
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An decrease in refractive index (~1.30 to 1.20) is observed after 12 h in buffer solution an strong 
increase was observed until the value of refractive index is due to the silicon wafers. 
In order to evaluate the stability in biological conditions, amino terminated mesoporous silica thin 
film through post grafting of mesoporous films with 3-aminopropyltrimethoxysilane (APTMS) 
APTMS or co-condensation of inorganic precursor and 3-aminopropyltriethoxysilane (APTES) 
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5.1.4 Amino Mesoporous Silica Thin film 
The amine moiety is an important functionality for many applications such as enzyme 
immobilization on porous solid supports. Surface modification using (3-
aminopropyl)triethoxysilane (APTES), producing a terminal amine group (-NH2), has been found 
to be useful for covalent coupling of protein to the surface of the silica materials [166, 167, 168, 
169, 170]. In general, there are two approaches to surface modification, i.e., postmodification, also 
known as grafting, and direct synthesis or co-condensation (Figure 5-8)[171].  
Figure 5-8: Synthesis procedure for grafting on the mesoporous materials 
Grafting is a method more commonly used in performing surface modification by covalently 
linking organosilane species with surface silanol groups (free and geminal silanol)[172]. However, 
the grafting method has several shortcomings:  
(1)  reduced pore size due to the attachment of a layer of functional moiety on the surface, 
leading to a less desirable product because the reduced pore size will cause a stronger diffusion 
resistance to protein molecules having a kinetic diameter of the similar size to the reduced pore size;  
(2)  time-consuming as it needs two steps to accomplish the modification process;  
(3)  limited accessible surface silanol groups on the mesoporous silica materials [164], therefore 
only a low concentration of the organosilane can be attached; and  
(4)  difficulties in controlling the loading and position of the organosilane [173].  
One-pot synthesis——Co-condensation
Post synthesis——Grafting
Study of the stability of Mesoporous film                                        Results and discussion 
101 
Sonia Fresu-Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli studi di Sassari 
On the other hand, co-condensation method [174, 175] allows modification of the surfaces of 
mesoporous materials in a single step by copolymerization of organosilane with silica or 
organosilica precursors in the presence of a surfactant [174, 175, 176, 177, 178]. This approach 
enables a higher and more homogeneous surface coverage of organosilane functionalities [176a] In 
addition, the stability of the post modified materials is believed to be not as good as that of those 
materials prepared by co-condensation [178d] 
In this work it examined how the nanostructured-functionalized films evolve under biologically 
relevant conditions, focusing on the use of ellipsometry to yield detailed information dissolution 
behavior. 
5.1.5 Preparation of amino silica mesoporous films 
Post synthetic grafting with aminopropylsilanes via post-grafting 
The incorporation and identification of chemical groups belonging to the amino groups on the 
mesoporous surface has been qualitatively confirmed by FTIR spectra. 
As before represented, a pure-silica mesoporous sample was reported to have three strong 
peaks in this region at about 3747, 3640, and 3464 cm-1 (Figure 5-9)[179]. 
The material itself was extremely hygroscopic; therefore, the significant peaks were covered by a 
broad OH peak. The width of this broad peak at 3400 cm-1 for APTMS-functionalized may be due 
to the symmetric stretching of N-H. 
Figure 5-9: FTIR absorption spectra of mesoporous silica films around the region of stretching 
modes of OH. 
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The N-H stretching was reported around 3300 cm-1 for free amine and in particularly, around 3302 
cm-1 for terminal amine groups, which are cross-linked with the silanol group [180]. Preparation of 
well-defined aminosilica surfaces is not straightforward due to the myriad ways that the primary 
amine can interact with its environment. 
Figure 5-10: Multiple types of amine sites present on silica include (A) amine-silanol interactions 
and (B) amine-amine. 
In particular, the weakly basic amine site can interact with the weakly acidic silica surface (Figure 
5-10a); the amine sites can also hydrogen bond with adjacent amine groups (Figure 5-10b) or 
theycan be relatively non-interacting if the amines are isolated (Figure 5-10c). 
The presence of the aliphatic chain belonging to the propyl chain of APTMS is evident from the 
spectra (Figure 5-9) in the region 3000-2700 cm-1. 
The C-N stretching vibration [181] is normally observed in the wavenumber range 1000-
1200 cm-1. However, this peak was not resolved due to the overlay with the IR absorptions of Si-O-
Si in the range 1130-1000 cm-1 and of Si-CH2-R in the range 1250-1200 cm-1. 
Figure 5-11: FTIR absorption spectra of amino-mesoporous silica films around the region of 
vibrational modes of C-N and S-C bond. 
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Nevertheless, the peak in this region for the APTMS-SiO2 mesoporous sample is broader, indicating 
possible overlap of peaks (Figure 5-11).  
In addition, the peak at 1640 cm-1, which can be assigned to N-H bending, is very intensive for the 
APTES-modified sample, indicating the presence of N-H groups (Figure 5-12).  
Figure 5-12: FTIR absorption spectra of amino-mesoporous silica films around the region of 
vibrational modes of amino group. 
The symmetrical -NH3+ bending at 1571 cm-1, indicating the existence of amine groups, and at 698 
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5.1.6 Study of stability of mesoporous amino-silica film 
Mesoporous amino silica film via post grafting (SiO2-APTMS) 
The FTIR spectra, in Figure 5-13, shows the comparison spectra between thermal treated (350°C), 
silica film, APTMS-post grafting and PBS exposure. 
Figure 5-13: FTIR adsorption spectra in the C-N region of mesoporous amino-silica film after PBS 
exposure  
As previously depicted in Figure 5-13, the peak at 1140 cm-1 is due to the C-N bond (red line in 
Figure 5-13) belonging to amino-propyl chain. After short exposure in PBS, peak is disappeared 
(blu line in Figure 5-13), indicating loss of APTMS because of weak bond of O-Si bond (between 
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Mesoporous silica film SiO2-APTMS via co-condensation 
The co-condensation method enables a higher and more homogeneous surface coverage of 
organosilane functionalities. In addition, the stability of the post-modified materials is believed to 
be not as good as that of those materials prepared by co-condensation. 
The stability of functionalized mesoporous organosilicas are shown in Figure 5-14. The exposure 
of film for 12 h results in a decrease in thickness of more than 200 nm. The further exposure of 
silica film has a less pronounced effect on the final thickness in these materials. As the exposure 
time is increased, the thickness is not decrease anymore.  
Figure 5-14: Relative thickness of the film (blu line) and refractive index (red line) of amino-silica 
(co-condensation) mesoporous film as a function exposure to PBS at room temperature 
The behavior of amino-silica film is observed to be very different from mesoporous silica film 
(SiO2 cfr Figure 5-7) accompanied by a loss of APTES is observed. These trends indicate that as the 
aminopropyl chain is included in the network of silica enhance the stability of the mesophases 
formed remain relatively constant. 
The evolution of the amino-SiO2 framework during this exposure time under biological conditions 
has been followed by FTIR. Figure 5-15 shows this evolution with time exposure in PBS of 
temperature of amino mesostructured silica film. 
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The decrease in thickness is also supported by the decrease of bands in the region from 1300 to 
1000 cm-1 that are assigned to C-N asymmetric stretching and Si-CH2 symmetric stretching 
vibrations of the aminopropyl chain. 
Figure 5-15: FTIR spectra of as deposited amino-silica film in black, after removing of copolymer 
in red and after PBS-exposure (all the other color). 
The intensity of the band due to these bond decreases, and after 48 h this band was very low. The 
decrease of peak, centered at 1140 (C-N) cm-1 and band is accompanied by a decrease of the peak at 
1070 (Si-O-Si) cm-1 leading to a hydrolisys of the framework 
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5.1.7 Transition-Metal Oxide Mesoporous Film 
In contrast to the sol-gel chemistry of silicon, transition metals generally (TMs) (1) present high 
reactivity toward hydrolysis and condensation, (2) tend to form “closo” objects instead of the fractal 
objects that can be obtained with silica, (3) present different oxidation states and coordination, and 
(4) present oxides that when heated tend to crystallize. Therefore, the association between TM sol-
gel chemistry and the template approach was more difficult to master. Also, the relatively low 
thermal stability of the mesoporous structure of transition metal oxides (TMOs), as compared to 
silica-based materials) is often attributed to the crystallization [182]. 
Among the wide variety of synthesis strategies developed in preparation of mesoporous titania thin 
films, the evaporation-induced self-assembly (EISA) [183] method is one of most promising. In 
such a process, initially coined by Brinker and co-workers for mesoporous silica films [184, 185] 
the preferential evaporation of solvent (usually an alcohol) concentrates the initial diluted solution 
in the non volatile surfactant and inorganic species before equilibration with atmosphere. Films 
were deposited on glass slides by dip-coating with a drawing rate (1 mms-1). The process begins 
with a homogeneous ethanolic solution with an initial surfactant concentration C0. With the 
evaporation of ethanol, the concentration of surfactant increases, when it exceeds the critical 
micelle concentration, cmc, the interface preorganization between air and titania sol happens and 
therefore the development of mesophase begins.  
The possible tailoring of these materials to build mesostructured hybrid architectures through 
template growth processes depends on the control of the growth of these oxo polymers and thus on 
the control of transition metal alkoxide precursor reactivity[186]. 
Recently, Stucky and coworkers [187, 188] have shown that poly(ethylene oxide)-based surfactants 
are very effective in the templating of numerous metal oxides. Moreover, they suggested that non 
hydrolytic reactions take place in their low-water-content systems, allowing the oxide network to be 
built in a more controlled way. 
Highly organized mesoporous titania [189], zirconia [190], and alumina [191] and mesostructured 
mixed valence vanadium oxide-based [192] thin films can be obtained by EISA-derived methods. 
Titania-ABC (amphiphilic block copolymers) mesostructured hybrids have been synthesized by an 
EISA-derived method in alkoxide-alcohol-water-HCl mixtures [193, 194] stressing the role of water 
in the mesoscopic organization. Metal chlorides could be used as the inorganic source, ethanol as 
the solvent, and poly-(ethylene oxide)-based nonionic amphiphilic block copolymers are used as the 
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template. Despite the similarities to the method proposed by Stucky and co-workers,[195], 
controlled quantities of water are added in solution. This causes an important hydrolysis of the 
inorganic moieties, resulting in hydrophilic species, with enhanced interactions with the polar 
portion of the template [193, 194, 196]. Moreover, water contributes to increase the polarity of the 
medium, facilitating template folding. Inorganic polymerization can be readily controlled by an acid 
(added or generated in situ), which is subsequently eliminated by evaporation. Besides the role of 
the water added to the initial sol, the role of external conditions during deposition have to be 
observed; particularly, the relative humidity of the atmosphere is a parameter of paramount 
importance, which plays a decisive role in the organization of the system. 
Crepaldi reported the complete synthesis and characterization procedures to generate highly 
organized and oriented mesoporous titania thin films, using poly(ethylene oxide) (PEO)-based 
templates. Controlled conditions in the deposition, post synthesis, and thermal treatment steps allow 
one to tailor the final mesostructure [197]. Ethanol was chosen as solvent due to its surface wetting 
properties and the good solubility of all organic and inorganic precursors. The preferred inorganic 
precursor was TiCl4 because the high acidity resulting from its reaction with EtOH and water 
quenches fast anarchic condensation. In addition, the HCl produced in situ is volatile and can be 
eliminated during the evaporation process, allowing extended inorganic polymerization. Working 
with this system, six variables should be precisely controlled to allow the production of highly 
organized, good optical quality coatings, and to control the final mesophase: (1) the choice of the 
template, (2) the s = template/metal ratio, (3) the quantity of water inside the solution, (4) the 
quantity of water in the atmosphere (i.e., the relative humidity), (5) the solution acidity (which can 
be controlled by using TiCl4/Ti(OEt)4 mixtures), and (6) the temperature during deposition and 
aging.  
Mesoporous thin films of crystalline hafnium, titanium and zirconium oxide were fabricated by 
evaporation-induced self-assembly in combination with sol–gel processing, followed by a suitable 
post heat-treatment procedure to initiate the crystallization.  
Then, dynamic behavior of mesoporous oxide materials exposed to aqueous solutions under 
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5.1.8 Preparation of transition-metal oxide mesoporous film 
Chemical Behavior in the Precursor Solutions 
TiCl4 or ZrCl4 was first reacted with a solution of the template in anhydrous ethanol to form, 
metallic chloroethoxide precursors [MCl4-x(OEt)x; M=Ti, Zr] [198, 199]. To this highly acidic 
system (on average two moles of HCl are generated for each mole of metal chloride), water was 
added in controlled quantities (Figure 5-16).  
Upon mixing TiCl4 and ethanol, a marked yellow color is developed; UV-vis measurements show 
an intense band with a maximum at 390-400 nm, due to charge transfer from the Cl-ligands to the 
Ti(IV) center.  
Figure 5-16: Chemical Behavior in the Precursor Solutions 
Upon water addition, this band shifts to lower wavelengths and markedly decreases in intensity, 
reaching a λmax ≈ 370 nm a value higher but relatively similar to the 320-340 nm value previously 
found [200]. This trend suggests that the initial chloro-alkoxide complex (probably solvated 
TiCl2(EtO)2, a well-known major product of TiCl4 alcoholysis) [198] is modified by the addition of 
water, by either hydrolysis, condensation, or both, which shift the electronic transitions to a higher 
frequency. 
As previously reported, mesoporous thin films were prepared by EISA, under controlled deposition 
conditions (T, RH) [189,195 ,193 ,201]. 
Preparation of transition-metal oxide mesoporous film 
The thermal treatment causes the calcinations of the surfactant that is completely removed from the 
film at 350 °C, and the condensation of the framework with elimination of water.  
FTIR spectra have been analyzed according to the main vibrational modes of interest, reported in 
Table 5-2. 
TiCl4 + 2 EtOH TiCl2(OEt)2 + 2 HCl
TiCl2(OEt)2                              [ Ti(OH)2(H2O)m(Z)x](2-x)+ + (2-xHCl) + (2-xEtOH)
m H2O
Z=OH, Cl OEt; m>4: x<2
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Table 5-2: Assignments of the IR vibrational modes belonging to Pluronic F127 in mixed oxide 
mesoporous film 
The evaluation of the elimination of organics component (Pluronic F127) and OH distribution in the 
mesoporous surface has been qualitatively confirmed by FTIR spectra as shown in the two main 
region of vibrational modes. Each row in the spectra identifies one of the transition mesoporous 
film in the region previously cited. The FTIR absorption spectra (Figure 5-17) in the 3800-3000 cm-
1 region gives some direct information on hydroxyl groups functions as broad bands. A shift in the 
absorption maxima of the hydroxyl is induced by the thermal treatment. After thermal treatment at 
100°C, the absorption spectrum shows different features with a broad main peak located at 3392 
cm-1 for HfO2 and ZrO2 film (Figure 5-17 c and e) due to hydrogen bonded M-OH (M=Zr or Hf) in 
chains whereas for TiO2 film (Figure 5-17a) the band is centered at 3318 cm-1 with a shoulder near 
3220 cm-1 due to absorbed molecular water disappears.  
The intensity of the band due to residual F127 (3000-2800 cm-1) decreases, and after a thermal 
treatment at 350 °C this band disappears. This relationship between water and F127 in the 
mesostructured film is clearly observed in the FTIR spectra of the 2800-4000 cm-1 region. Figure 
5-17 shows the evolution during thermal treatment of the F127 vibrational modes (the two sharp 
intense peaks at 2980 and 2850 cm-1) and of the hydroxyl band.  
Wavenumber/ cm-1                                               Organic template  
3000–2800 Stretching C-H 
2971 Antisymmetric stretching C-H in CH3 
2930 Antisymmetric stretching C-H in CH2 groups, symmetric stretching C-H in CH3 groups 
2930–2900 CH2 (methylene) chain symmetric stretching 
2871 Symmetric stretching C-H in CH2 
1500-1300 C-H bending 
1460 CH3 symmetric stretching 
1360 CH2 wagging, C-C stretching in PEO chains 
1302 Wagging CH2 
1253 Twisting CH2 
1100 Stretching C-O-C 
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When the copolymer F127 is removed from the mesostructure (at 350 °C), a sudden increase in 
intensity of the F127 stretching band is observed whereas the OH band decrease. These bands 
disappear from the spectra after thermal treatment at 350 °C. 
Figure 5-17: FTIR absorption spectra, collected in air, of mesoporous titania films as-deposited 
(black line) and treated at 100°C (red line), and 350 °C( blu line). 
After calcination process for removing of copolymer Pluronic F127at 350°C, adsorption spectra in 
the 1500-1200 region (Figure 5-18) shows the disappearance of peaks belonging to wagging (~1300 
cm-1, twisting (~1250 cm-1) of aliphatic chain and stretching of C-O-C (~1100) as summarized in 
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Figure 5-18: FTIR absorption spectra, in the range 1750-1000 cm-1, of silica mesoporous films 
treated at different temperatures 
Then, from these observations it has to concluded that the surfactant template may be removed from 
the films calcination at 350 °C. 
5.1.9 Study of the stability of metal oxide in buffer solution 
Calcined mesoporous films were used as substrates for stability stud in biological systems; each 
film was exposed to aqueous environments at room temperature (~25°C) consisting of phosphate 
buffer solution (PBS). This particular environment was selected because of its relevance in 
biological and hybrid inorganic/biological materials research. 
FTIR analysis  
No significant information could be obtained from FTIR analysis, when systems were submitted to 
PBS solution. 
Ellipsometric analysis  
Qualitative information on the behavior of nanostructured interfaces interacting with biological 
relevant environments could be obtained by performing thickness measurement. 
The thickness of a mesoporous thin film can be measured by ellipsometry and data were acquired at 
each interval time of the experiment.  
The trend of the change in refractive index and thickness, measured at a selected wavelength (λ 
=632.5 nm), for TiO2, HfO2 and ZrO2 film upon exposure to PBS from 0 to 48 h is reported in   
Figure 5-19.  
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Figure 5-19: Thickness and refractive index of transition-metal oxide mesoporous film as a 
function of exposure time in PBS. 
For all samples, an increase in refractive index (1.80 to 1.84 for TiO2, 1.58 to 1.65 for HfO2 and 
1.68 to 1.80 for ZrO2) after 12 h in buffer solution was observed; this can be attributed to adsorption 
of water into the pore network. An increase of thickness was observed after 48 h of exposure of 
TiO2 and HfO2, whereas thickness of ZrO2 was observed to decrease from 199 nm to 191 nm. The 
observed trend for thickness should indicate an decrease in the porous volume of the film because 
of “coordination” of phosphate on the surface and in the pore. 
The decrease in the value of the thickness achieved after 48 h for the ZrO2 film should means an 
partial hydrolysis of inorganic framework, demonstrating the following order of stability:  
 
HfO2 ~ TiO2 > ZrO2 
 
In order to evaluate the stability in biological conditions, amino terminated mesoporous thin film 
through co-condensation and post grafting of MCl4 inorganic precursor (M = Ti, Zr and Hf) and 3-
aminopropyltriethoxysilane (APTES) and 3-aminopropyltriethoxysilane (APTMS), respectively, 
under acidic have been performed. 
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5.1.10 Preparation of amino mesoporous titania film 
Functionalized mesoporous transition metal-oxide materials  
According to post grafting procedure, organic function, derived from 3-
aminopropyltrimethoxysilane (APTMS), was added to the template-free ZrO2, HfO2 and TiO2 
mesoporous films. The quality of post synthetic chemical modification of the mesoporous titania 
films with silane precursors (APTMS), important for the following anchorage step, was evaluated 
by FTIR measurements (green line in Figure 5-1) 
Figure 5-20: FTIR spectra of stabilized titania films after post grafting in APTMS solution  
IR absorption peaks at 1025 cm-1 Si-C stretching , 1140 cm-1 C-N stretching indicate the 
development of an inorganic–organic hybrid network during the bound formation. This result shows 
that the surface has been successfully functionalized. Analogously reactivity were observed for 
HfO2 and ZrO2 (Figure 5-21). 
5.1.11 Study of the stability of amino-transition metal oxide 
As previously reported (~§5.1.6, pg 104) for the study of stability of mesoporous film under 
biological conditions, the MO4-APTMS (M = Ti, Hf and Zr) were immersed in a PBS solution for a 
preliminary interval of time of 2 h. 
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For spectrum depicted in blue in Figure 5-20, for amino-titania film, and in Figure 5-21, for amino-
hafnia and zirconia, film, which correspond to functionalized mesoporour film immersed in PBS 
solution for 2 h., the band assigned to C-N and Si-C at stretching disappeared due to hydrolysis of 
O-Si bond introduced during silylation. 
Figure 5-21: FTIR spectra of functionalized metal oxide mesoporous films after PBS exposure. 
The disappearance of these peaks belonging to the organic function suggests an instability of 
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Improvement of the stability of mesoporous film by different thermal treatment 
The stability of mesostructure depends on the extent of the condensation and crystallinity of the 
inorganic walls. A higher degree of polymerization tends to impart the improvement of thermal 
stability. Furthermore, the interaction between the surfactant and inorganic wall should not be too 
strong, so that the mesostructure assembly can take place and the surfactant can be easily removed 
without damage to the integrity of the channel walls. For this purpose, hydrogen bonding, and weak 
coordination bonds are more preferred than electrostatic interactions and covalent bonding. 
Nonionic triblock copolymer F127 is as the structure-directing agents because it can promote the 
cooperative assembly with relatively weak interactions at the titanium/ surfactant interface [202] 
For oxide mesoporous thin films, thermal treatment is the most usual way for template elimination.  
Template removal by solvent extraction has a significant structural advantage, because it avoids the 
local damage caused in template removing by calcinations.  
Then, extraction procedures are a valid alternative to thermal treatment; the less aggressive 
conditions should permit a higher fraction of the organic functions to keep intact, while eliminating 
the template and permitting open mesoporosity.  
Three alternatives were explored:  
a) Sample TiO2-A: Relative Humidity (RH = 85%) for 42 h and immersion in ethanol acidified 
with HCl (0.01 mol dm-3).  
b) Sample TiO2-B: Extraction was performed onto films stabilized for 24 h at 100 °C.  
c) Sample TiO2-C: Thermal treatment at 100°C for 24 h followed by a step at 200°C for 24 h. 
Table 5-3: Surfactant removing methods in titania mesoporous film. 
The impact of template extraction on the structure of the mesoporous titania film was assessed 
using ellipsometry. 
Sample Thermal treatment Ethanol Extraction 
TiO2-A Any 6 h at reflux 
TiO2-C 100°C / 24 hors 6 h at reflux 
TiO2-E 100°C / 24 h, then, 200°C / 24 h Any 
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Ellipsometric analysis 
Figure 5-22 shows the relative film thickness change in comparison to the initial film thickness 
(~650 nm). 
Figure 5-22: Comparison of film relative thickness for the mesoporous titania films as a function of 
template removal procedure. 
Mesoporous titania TiO2-A is prepared removing template without any thermal stabilization. As 
shown Figure 5-22 (black line), a complete hydrolysis is observed, with a thickness around 8 nm 
after immersion in acidic ethanol solution at refluxing conditions. Although the film TiO2-C (red 
line in Figure 5-22) was stabilized by thermal treatment at 100°C, ethanolic-acidic extraction 
determines the film dissolution behavior. The use of a HCl-EtOH solution could alter the titania 
network due to rapid removal of by-product during condensation, which leads to the decrease in 
hydrolytic stability, losing the TiO2, completely. 
On the contrary, mesoporous film TiO2-E (green line in Figure 5-22), after thermal treatment, is 
subjected to a obvious decrease of thickness, due to the combined effect of surfactant removal and 
network unidirectional shrinkage (Figure 5-23). 
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Figure 5-23: Effect of thermal treatment on the mesostucture. 
FTIR characterization of the TiO2-E mesoporous film 
The evolution with temperature of the template removal from mesostructured titania film was 
followed by FTIR absorption spectra (1180-1040 cm-1). 
Figure 5-24: Absorption FTIR spectrum of an thermal treated mesoporous titania film deposited by 
dip-coating on silicon substrate. 
As the temperature is increased, the intensity of the band due to residual Pluronic F127 (~1100 cm-
1) decreases (Figure 5-22).  
After thermal treatment, post grafting of the mesoporous film TiO2-E with APTMS was performed. 
FTIR spectra (data no shown) was in accordance with the spectra reported in Figure 5-1. The 
amino-TiO2-E was used as a substrate for the study of stability in buffer solution 
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Study of stability of TiO2-E functionalized via post grafting. 
As previous reported, aqueous stability of the mesoporous TiO2-E was determined by immersion of 
the calcined amino-titania samples in pH 7.4 PBS solutions At regular intervals, the samples were 
removed from their solutions, washed with water and dried. The structure was then investigated 
using spectroscopic ellipsometry. 
After ~4 h of exposure to PBS, the film thickness begins to decrease rapidly (Figure 5-25). This 
suggests a change in the mechanism to surface erosion where dissolution of the film occurs at the 
film surface/solution interface. After 18 h, the porosity of the film decreases as the film thickness 
continues to decrease. This suggests a transport limitation during the initial ‘bulk erosion’ that 
results in a gradient in porosity through the film with larger pores initially near the free surface in 
comparison to the pores near the substrate. As the film dissolves from the surface, progressively 
smaller pores comprise the film; hence decrease in the apparent film porosity.  




























































Figure 5-25: (a) Relative thickness of the film (blu) as a function of exposure to PBS at room 
temperature and refractive index (red), (b) Porosity of the film determined with ellipsometry 
Over the first 24 h in PBS, there is no significant change in film thickness but the porosity increases 
from approximately 5% to greater than 9%, suggesting that dissolution occurs within the film at the 
pore wall/solution interface 
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Preparation of amino titania mesoporous film synthesized by co-condensation. 
FTIR characterization 
For oxide mesoporous thin films, thermal treatment is the most usual way for template elimination. 
In the case of hybrid materials, there is a risk of losing the R function upon calcination by reaction 
with oxygen. In principle, a carefully tailored calcinations protocol (i.e. long treatment times at 150-
200 °C) should permit the yield of template-free hybrid materials, while most of the organic 
functions was retained.  
Figure 5-26: FTIR spectra of amino-titania films of as deposited, thermally cured (100 °C and 
150°C) in the range a) 3800-3000 cm-1 and b) 2960-2840 cm-1 
Figure 5-26a show FTIR absorption spectra of as deposited (blu line) thermally cured at 100°C(red 
line) and at 150°C (green line) in the range 3800-3000 cm-1. The absorption spectra in this region, 
where the hydroxyl and / or amino stretching  vibrational modes are detected, give some direct 
information on hydroxyl groups and amino and/or ammonium functions as broad bands. A shift in 
the absorption maxima of the hydroxyl and / or NH band is induced by the thermal treatment. After 
thermal treatment at 100°C (red spectra in Figure 5-26a), the absorption spectrum shows different 
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features from with a broad main peak located at 3428 cm-1 due to hydrogen bonded Ti-OH in chains 
whereas the band at ~ 3330 with a shoulder near 3250 cm-1 due to absorbed molecular water 
disappears. The signals corresponding to the vibrations of the function (νNH at 3300 cm-1) remains 
in the spectra after the treatment, showing that thermal procedures is effective in order to eliminate 
the template without damaging the hybrid materials. The FTIR spectra in Figure 5-26b in the range 
2800-2900 cm-1 of wave numbers have been used to follow elimination of the organic functions 
incorporated in the initial thin films. Intensity of C-Η  bands at 2800-2900 cm-1 diminish after the 
treatment, but not completely, due to the presence of propyl groups of the R function (Figure 
5-26b).  
Figure 5-27: FTIR absorption spectra of amino-titania films films around the region of νNH: as 
deposited (blu), upon thermal treatment at 100°C (red) and 150°C (green). 
The elimination temperature at 150°C of the PEO-PPO-PEO block copolymer Pluronic F127 
species in amino-titania film is observed in the 1500-1200 region ( 
Figure 5-27) in which, peak belonging to wagging (~1300 cm-1) and twisting (~1250 cm-1) of 
aliphatic chain disappeared.  
In fact, a decrease in intensity of the stretching C-O-C (1110 cm-1), belongs to the F127, is 
accompanied by a decrease of the peak around 1200 and 1350 cm-1 that disappears at 150 °C (green 
line in Figure 5-27.  
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Moreover, the intensity of the band due to residual F127 (~1400 cm-1) decreases, and after a thermal 
treatment at 150 °C this band could be attributed to the wagging vibrational mode belongs to the 
propyl chain. The decrease of this band is similarly accompanied by a decrease of the molecular 
water band (cfr Figure 5-26a)  
Ellipsometric analysis 
The data obtained for each thermal treatment (100°C followed by 150°C) indicate that thickness 
and refractive index are different (Figure 5-28) The synthesis of the amino-titania thin film onto 
silicon wafer produces a layer whose optical properties, thickness, and percentage composition are 
unknown. The film contains the surfactant template (F127), water, and titanate, and it is not 
possible to predict the exact volume of each component.  
The detailed trend of the change in refractive index and thickness with a thermal treatment is shown 
in Figure 5-28.  
Figure 5-28: Thickness and refractive index as a function of the thermal treatment of amino-titania 
mesoporous film  
Thermal treatment at 150 °C removes the organic (belongs to the surfactant) and water components 
of the film, producing a mesoporous layer that can only be a composite of TiO2-NH2 and void (i.e., 
air) within the pores.  
The average thickness value obtained for the stabilized film is 431 nm. The film thickness is 
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pore walls, and a uniaxial contraction. With respect to the value measured in as-prepared films, the 
contraction is around 30%.  
A decrease in refractive index from 1.63 to 1.61 is observed after completely removed of the 
organic template. 
Study of stability of amino titania via co-condensation.  
Elllipsometric analysis 
Stability experiments performed on hybrid titania films with a comparable thickness help to 
visualize trends in the stability at different exposure time. Initial experiments were conducted on 
films that had been exposed to PBS at pH 7.4 at room temperature (ca 24°C) for different interval 
time. At regular intervals, samples were removed from their buffer solutions and interrogated using 
spectroscopic ellipsometry to measure film thickness and refractive index, quantities which were 
then related to film stability (Figure 5-29). 
Figure 5-29: Thickness and refractive index of amino-mesoporous titania thin films as a function of 
immersion time in pH 7.4 PBS buffer solution. 
The final system has the following layers: the silicon substrate, the silicon native oxide layer, the 
composite layer (TiO2-NH2), and the adsorbed H2O-posphate layer. The results obtained with films 
exposed to PBS buffer had changed in comparison to those previously titania calcined mesoporous 
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film. Ellipsometry analysis of the dried films showed that the film thickness had an collapsed to 370 
after 48 h of exposure.  
In this system, the mesoporous amino-titania pores are filled with water and /or phosphate groups, 
which will remain trapped inside the pores as evident from the refractive index of the film, which 
was increased in this interval time. 
Thermal treatment at high temperature after PBS-exposure 
Exposed mesoporous amino-titania film upon progressive thermal treatment with different 
increasing steps of 200 °C until 400°C and 600°C, allowed controlling the condensation and the 
thermal dehydroxylation of the walls.  
FTIR spectra of Figure 5-30 show an important feature: during the thermal curing at temperatures 
larger than 400 °C the band centered around 1110 cm-1 increases in intensity and shifts to larger 
wavenumbers at higher temperatures (from 1104 cm-1 at 400°C to 1070 cm-1 at 600°C). 
FTIR show a new main intense absorption band around 1070 cm-1 attributable to antisymmetric 
vas(Si-O-Si) stretching.  
Figure 5-30: (A) FTIR and (B)Thickness of amino-mesoporous titania thin films as a function of 
thermal treatment 
As could be extrapolated by Figure 5-30b in which a decrease of thickness is observed, at 400 °C 
the contraction of the film could be eximated around 26% (compared to the initial thickness) and at 
600 °C it is reduced to 24%. With respect to the thickness measured in as-prepared films, the 



































































Study of the stability of Mesoporous film                                        Results and discussion 
125 
Sonia Fresu-Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli studi di Sassari 
contraction was around 66% because of complete removal of organic component followed by 
condensation in the silica network [203]. 
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5.2 Protein Adsorption and / or immobilizzation 
Since first described by Beck in 1992 [204], a large range of mesoporous material materials has 
been synthesized. These materials are of interest as supports for catalysts [205] as adsorbents of 
metals and large organic molecules [206], and as a means of immobilizing proteins and enzymes 
[207] 
A number of authors have shown that the catalytic activities of a number of enzymes encapsulated 
within MPS are comparable to that of the aqueous enzyme. Mesoporous materials been used to 
immobilize a number of enzymes [207c, 208] and may find applications in biosensors [207b] and 
biocatalytic [208b] and biomolecule separation [208a] systems. 
The interactions between proteins and mesoporous materials are governed by a number of factors, 
which, in addition to the pore size and surface area, also include the charges on the protein and the 
silicate and the presence of hydrophobic/hydrophilic patches on the protein. For example, Stucky. 
[208a] has used mesoporous silicate (MPS) to sequester and release proteins of similar size but 
varying charge, while Liu [209] has prepared MPS modified with amino and carboxylate groups to 
substantially increase the binding capacity for horseradish peroxidase. While the main interest in 
using MPS to immobilize enzymes is to utilize their network of internal channels (and, 
consequently, their large surface areas), it is also possible for proteins to adsorb on to the external 
surfaces of MPS. This is particularly the case when the size of the proteins under investigation is 
larger than the diameters of the silicate pore sizes. 
Moreover, it is also possible for proteins to adsorb on to the external surfaces with ligand increase 
the binding capacity due to covalent bond or electrostatic interaction.  
This part of thesis describes the use of FTIR technique to measure the protein adsorption on 
mesoporous materials in function of: 
a) Immobilization by Physical Adsorption depending on pore size  
b) Immobilization by Chemical Adsorption which could be performed by: 
• Positive ligand such as amino groups 
• Negative ligand such as NaPTA 
Immobilized proteins / enzymes, can be used both in aqueous and in non aqueous media. In organic 
media, a strong enzyme / support interaction is not required, because of enzyme insolubility. Thus, 
physical adsorption is an appropriate immobilization method.  
In the main, immobilization process by physical adsorption, protein adsorption on porous materials 
includes the following four steps: 
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1) protein diffusion from the bulk to the external surface of the support, 
2) protein diffusion inside the channels, 
3) adsorption of the protein at the solid surface, and 
4) structural rearrangements of the protein. 
On the contrary, as observed by Yu [210] enzyme leaching in water media, can be an important 
phenomenon. To avoid such undesired phenomenon, a stronger enzyme / support interaction, such 
as chemical adsorption, should be used.  
Therefore, a modification of the mesoporous support was chemically performed, via co 
condensation, with the 3-aminopropyltriethoxysilane (APTES). 
In this part of the project, preliminary test were carried out on  
a. mesoporous titania film  
b. mesoporous amino–titania film  
using a solution of BSA as standard protein. 
Then, biological test were carried out using  
• mesoporous titania and amino-titania film 
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5.2.1 Protein (BSA) adsorption in mesoporous titania film 
Protein (BSA) adsorption in mesoporous TiO2 
The fingerprint region of the IR spectrum, which is the region from 1800 to 700 cm-1, is often a 
very useful part for analysis of proteinaceous material [211], since in this range the bonds forming 
the amide group (C=O, N-H, and C-N) absorb. The two most important vibrational modes of 
amides are the amide I vibration, caused primarily by the stretching of the C=O bonds, and the 
amide II vibration, caused by deformation of the N-H bond s and stretching of the C-N bonds.  
The amide I vibration is measured in the range from 1700 to 1600 cm-1 and the amide II region 
from 1600 to 1500 cm-1[212]. The exact frequencies at which these bonds absorb depend on the 
secondary structure of the proteins or peptides [212, 213].  
The FTIR spectrum, in Figure 5-31, shows the comparison spectra between thermal treated titania-
APTES mesoporous film, before immersion in protein solution (black line), then titania-APTES 
film in H2O (blu), in BSA and H2O (cyano), in PBS (pink) and in a solution of PBS and BSA 
(magenta). 
Figure 5-31: FTIR adsorption spectra of mesoporous titania film in the amide region (~1700-1500 
cm-1). 
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The experimental conditions in water and buffer allows the monitoring of stability of the 
mesoporous film as well the interferences due to solvent reaction. Measurements have been 
performed in physiological salt solution, which has to be considered the optimal system to study 
protein folding in conditions as close as possible to real life. 
Water and PBS do not affect mesoporous films in term of stability or interferences of phosphate 
groups (Figure 5-31(a) and (b)). 
In PBS-BSA solution (Figure 5-31d), vibrational peaks, corresponding to amide I at 1624 and 1664 
cm-1, and amide II at 1550 cm-1 could be assigned to protein. The 1624 cm-1 band may arise from 
amino-acid side chains whose hydrogen bonding is disrupted and reformed. 
In H2O-BSA solution (Figure 5-31c), any different feature in the spectra could be observed. 
Because of superimposed signal in these region, without any further characterization, the 
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5.2.2 Protein (BSA) immobilizzation in mesoporous amino-titania film 
Preparation of mesoporous TiO2-APTES films. 
As previously stated, the amine moiety is an important functionality for many applications such as 
enzyme immobilization on porous solid supports. In this context, mesoporous titania film was 
functionalized by co-condensation of titanium tetrachloride (TiCl4) with organosilane such 
(aminopropyl)triethoxysilane (APTES). 
According to experimental conditions, elimination of Pluronic F127, is performed by thermal 
treatment at 150 °C. 
Amine groups of APTES are known to be easily protonated under acidic conditions [214, 215] such 
protonated amine groups would have crosslinked with titanol groups of the titanate species (Figure 
5-32, a, b and c). 
Figure 5-32: Probable NH2 / NH3+-environment TiO2-APTES of hybrid film 
FTIR spectra in Figure 5-33 shows the incorporation of amine groups and the changing of NH2 / 
NH3+ ratio with temperature of amino-titania mesostructured film. 
The broad band between 1700-1600 cm-1 wavenumber is due to N-H vibrations from different 
species. Groups of bands can be assigned in this interval: stretching modes of isolated NH2 groups 
or NH3+ stretching modes or NH groups partially involved in hydrogen bonding. A different ratio 
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film. During of thermal treatment, removal of HCl causes a changing in this distribution of groups 
on the surface. 
Four different amino-titania mesoporous film were prepared. In FTIR spectra reported in Figure 
5-31, each panel represents one of the four film, is observed an homogeneously behavior. Indeed, in 
all spectra (Figure 5-33), a broad band in 1700-1580 cm-1is observed accompanied to a new peak at 
1660 cm-1, after thermal treatment (Figure 5-33, red line).  
Presence of symmetrical N-H3+ bending at ~1620 cm-1, indicates the existence of protonated amine 
groups in presence of high concentration of HCl, before thermal treatment (Figure 5-33, black line). 
After thermal treatment new peak at 1660 cm-1, could be assigned to N-H bending, indicating the 
presence of a new N-H groups (Figure 5-33, red line). 
Figure 5-33: FT IR adsorption spectra, collected in air, of mesoporous titania-APTES film in the 
amines region 1700-1580 cm-1. 
Protein immobilization in mesoporous amine-titania films. 
FTIR spectra of different mesoporous TiO2-APTES film are shown as a function of experimental 
conditions. Each experiment is depicted in each panel in the Figure 5-34. 
After the experiment, in all spectra the small band at 1640 cm-1 is observed and could be assigned to 
O-H stretching of absorbed water. Moreover, a broad band is detected between 1700 and 1600 cm-1 
(Figure 5-34). This band is, however, not univocally assigned because it can overlap or coincide 
with amino groups belonging to APTES and several vibrations of amide I from BSA  
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Figure 5-34: FT IR adsorption spectra, collected in air, of mesoporous titania-APTES film in the 
amide region (1700-1500 cm-1). 
However, behavior of mesoporous film upon these experimental conditions, and the absence of 
additional bands in the spectra of this region (Figure 5-34), suggests that multiple bands are 
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5.3 Brain Homogenate  
The adsorption of monolayers and biofunctionalization of mesoporous film were qualitatively 
assessed by FTIR spectroscopy. 
As reported in introduction part, energy of IR light that is absorbed by a protein is dependent upon 
the alignment of the amide bonds in the protein backbone. Thus, different secondary structural 
elements, such as a-helix, triple helix, h-sheet, h-turn, and extended coil, absorb IR light at different 
wavelengths in the so-called amide I region [216]. Expressed in terms of frequency (or energy), this 
region of the IR spectrum is located between 1600 and 1700 cm-1. The amide I region was used to 
investigate protein secondary structure within the nervous tissue. 
For the surveillance of transmissible spongiform encephalopathies (TSEs) in animals and humans, 
the discrimination of different TSE strains causing scrapie, BSE, or Creutzfeldt-Jakob disease 
constitutes a substantial challenge. This problem could be studied by Fourier transform-infrared 
(FTIR) spectroscopy of pathological prion protein PrP27-30. 
Fourier-transform infrared (FTIR) spectroscopy has revealed, however, that native β-sheet proteins 
are associated with amide I bands that can differ significantly from those obtained in the analysis of 
inclusion bodies or thermally induced aggregates [217]. 
Amide I (measured in H2O) occur in the wavenumber range of from 1600 cm-1 to 1700 cm-1 and 
arise primarily from stretching vibrations of main-chain carbonyl groups. Their sensitivity to 
secondary structural context provides direct structural information about the polypeptide backbone 
[218, 219, 220]. Although FTIR lacks the high resolving power of X-ray crystallography or nuclear 
magnetic resonance (NMR), it presents the advantages of fast-time response and wider applicability 
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5.3.1 FT-IR Spectroscopic Differentiation of brain homogenate. 
In order to get information about the secondary structure of PrPSc derived from the different sheep 
sperimental infected, brain homogenate were analyzed by FT-IR spectroscopy. Figure 5-35 shows 
the second derivative spectra obtained from independent brain homogenate the secondary structure-
sensitive amide I region between 1700-1600 cm-1. 
Figure 5-35: FT-IR second derivative absorption spectra of positive and negative samples 
For all homogenate brain isolates investigated here, the second derivative spectra of the dried brain 
samples (Figure 5-35) exhibited specific low frequency β-sheet bands between 1637 and 1623 cm-1 
at positions characteristic. The β-sheet band ~ 1634 cm-1 denote the presence of intermolecular 
hydrogen bonded. β-sheet structure was indicated around 1625 cm-1 as an intense peak. For all 
negative brain, the presence of intramolecular β-sheet structures was indicated by a well defined 
individual band with characteristic peak positions around 1637 cm-1. Typical but very weak 
absorption features were observed at 1641-1642 cm-1 and 1648 cm-1 in the spectra of positive brain, 
which is absent in negative brain. 
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The characteristic α-helical band around 1660 cm-1 showed a relatively high intensity for the strains 
negative samples but is lower in the spectra of positive brain in which more variability in β-sheet 
/unordered region (1623-1642 cm-1) was observed. 
Other absorption features common for all studied strains were observed at 1687-1689 cm-1 for 
positive brain and at 1684 cm-1 for negative brain, and are most probably due to turn structures. 
Qualitatively, a discrimination could be achieved between two isoforms due to the different feature 
observed in the FTIR spectra. 
5.3.2 Brain homogenate adsorption in mesoporous SiO2 film 
The behavior of the mesoporous silica film after biological test is followed by Infrared 
spectroscopy. FTIR spectra were recorded after each experiment and they were depicted in two 
different panel. In the Figure 5-36, each panel represent one experiment: 
a. Negative brain homogenate, repeated three times (green, cyan and orange line in Figure 
5-36, upper). 
b. Positive brain homogenate, repeated three times (green, cyan and orange line in Figure 5-36, 
below). 
In both panel in Figure 5-36, black line indicates the silica mesoporous film and the blu one 
represents the reference experiment carried out in PBS-solution. 
In the region from 1700 to 1600 cm -1, the main contribute to the FTIR spectra is the amide I band 
which is strongly dominated by the C=O stretching vibration that is highly sensitive to the 
secondary structure of the proteins. As Figure 5-36 shows, some general features can be observed, 
at least three bands were identified for each sample. 
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Figure 5-36: FT-IR spectroscopic characterization of silica film in homogenate brain sample in 
amide I region 1700-1600 cm-1. 
Analysis of the fine structure of the spectra showed that for two of three mesoporous film incubated 
in positive brain homogenate (cyan and orange line in Figure 5-36, below), the observed amide I 
absorption maximum are characterized from 1627 cm-1 as an intense low frequency β-sheet 
absorption bands.  
Same spectral feature were observed for mesoporous film incubated in negative brain homogenate 
(orange line in Figure 5-36, upper): amide I band component is centered at 1623 cm-1 that can be 
assign to an intermolecularly hydrogen bound amide I >C=O groups in β-sheets.  
In both case, these kind of peak are accompanied from band components found in the frequency at 
1667 cm-1, for negative brain homogenate and 1682 cm-1, for positive brain homogenate, most 
probably indicate different types of turns or loop structures. 
Absorption features are present at ~1643 cm-1 for samples incubated in positive brain homogenate 
(green line in Figure 5-36, below) as well in negative brain solution (green and cyan line in Figure 
5-36, upper). This band at this frequency positions could be assigned to unordered structures, as 
established for other proteins, since usually exhibit very broad features. 
In conclusion, regardless the properties of biological samples, an physio adsorption of protein is 
observed due, probably to an interaction with the O-H-rich mesoporous structure and pore-
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adsorption. Even if the observed adsorption, any discrimination is observed since the spectral 
feature were equivalent. 
A positive functionalizzation of the silica mesoporous film, such as amino-groups function, is tested 
for discrimination in the two forms of prion protein. 
5.3.3 Brain homogenate immobilization in mesoporous amino-silica film 
Spectra FTIR of the mesoporous film SiO2-APTMS incubated in positive (three times) and negative 
brain homogenate (three times) are showed in each panel of Figure 5-37. On the right of the figure, 
each panel has to be associated to three different experiment for positive-brain and on the left, each 
panel has to be associated to three different experiment for negative-brain. Moreover, in each 
spectra, black line indicate FTIR of mesoporous film and red one indicate the amino-silica film 
before the incubation in biological samples. 
Figure 5-37: FT-IR spectroscopic characterization of amino-silica film in homogenate brain sample 
in amide I region 1700-1580 cm-1. 
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The behavior of amino-mesoporous film in absorption spectra (Figure 5-37) show different features 
compare to those observe in the spectra of the mesoporous SiO2 (cfr Figure 5-36), observed in the 
range 1700-1600 cm-1. All spectra the maximum absorption is shown at 1642 cm-1. These spectra 
reveal a characteristic peak features not univocally assigned.  
Indeed, at this wavenumber the O-H stretching of absorbed water could be assigned. Moreover, any 
difference between experiment carried out in PBS-solution (blu line) and brain homogenate (cyan, 
orange and green line) could be detected. 
In conclusion, amino groups, derived from APTMS, are not selective enough in protein adsorption 
and a more selective ligand has to be used in order to bind and / or immobilized protein.  
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5.4 NaPTA as ligand in protein immobilization. 
Keggin structure is the best known structural form for heteropoly acids. It is the structural form 
of α–Keggin anions, which have a general formula of [XM12O40]n-, where X is the heteroatom 
(most commonly are P5+, Si4+, or B3+), M is the addenda atom (most common are molybdenum 
and tungsten), and O represents oxygen [221] 
The structure is composed of one heteroatom surrounded by four oxygen to form a 
tetrahedron. The heteroatom is located centrally and caged by 12 octahedral MO6-units linked to 
one another by the neighboring oxygen atoms. There are a total of 24 bridging oxygen atoms that 
link the 12 addenda atoms. The metal centers in the 12 octahedra are arranged on a sphere almost 
equidistant from each other, in four M3O13 units, giving the complete structure an overall 
tetrahedral symmetry (Figure 5-38). 
Figure 5-38: Structural form of α-Keggin anions. 
Then, Keggin-type tungsten polyoxometalate anion [PW12O40-] (NaPTA is the corresponding 
sodium salt) was used as the most typical representation of this broad class of compounds. This 
anion is known to bind strongly to various cationic groups (e.g., ammonium cations), which renders 
it a suitable guest for ionic incorporation into mesoporous matrix. For anchoring of W-POM, the 
titania films were modified with APTES as silylating agents whose amino functions can be easily 










NaPTA as ligand in protein immobilizzation                                    Results and discussion 
140 
Sonia Fresu-Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli studi di Sassari 
5.4.1 BSA binding to anchored NaPTA in amino-titania mesoporous  
Preparation of mesoporous amino-titania film  
The FTIR spectra in the 1700-1600 cm-1 and 700-640 cm-1 range of four different stabilized (at 
150°C) film are shown in Figure 5-39. The spectrum shows several different features attributed 
amino groups and residual water. 
Figure 5-39: FTIR absorption spectrum of stabilized mesostructured films 
In particular, the presence of amino group, is characterized by an absorption bands centered at 668 
cm-1, assigned to bending of N-H in the aminopropyl chain of APTES. Moreover, the absorption 
bands of amino groups, in the region 1700-1600 cm-1 are considered to be related with the 
protonation of the same groups under the acidic preparation conditions. Then, three main 
characteristic peaks are detected around 1625, 1660 and 1650 cm-1. The lowest frequency mode 
(~1625 cm-1) could be assigned to symmetrical -NH3+. Near 1660-1650 cm-1 a band due to bending 
of the N-H is observed. From the comparison between the FTIR spectra of these mesoporous films 
it is clear that amino groups on the surface are not homogeneously formed. However, a charged 
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NaPTA ionic anchoring 
Amino-titania film were treated under acidic condition to anchore NAPTA by ionic interactions. 
The incorporation and identification of chemical groups on the amino-titania mesoporous surface 
has been qualitatively observed in FTIR spectra. 
Three distinct components are present in region: 
a. 1090-1060 cm-1 corresponding to νas(P-O),  
b. 1010-930 cm-1 assigned to ν (W-O),  
c. 900-870 and 850-700 cm-1 belong to (W-O-W)  
where the most common assignments reported in the literature are reported in parentheses.  
Of course it must be kept in mind that the assignment of each absorption to a vibration localized 
only on a specific bond or a specific family of bonds is an abstraction, each mode being due to 
collective vibrations of the complex Keggin structure. 
A more detailed inspection of the vibrational band shifts reveals that the vibrational band of the W-
Od bond of PWA in the composite film is centered at 977 cm-1 (Figure 5-40). 
Figure 5-40: FT IR adsorption spectra, collected in air, of mesoporous titania-APTES 
functionalized with NaPTA. 
The bands of W-Ob-W and W-Oc-W both have a peak at 895 and 811 cm-1, respectively, due to the 
presence of coulombic interaction between the organamin donor and heteropolyacid acceptor PWA. 
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Regard to the amino groups, changes of the ~1600 cm-1 broad peak are shown in Figure 5-41. This 
band is indeed composed of several different overlapping components. The acidic conditions, 
necessary for NaPTA ionic anchoring, causes a variation in the ratio of NH2 / NH3+. FTIR as 
depicted in Figure 5-41 shows the difference in frequency of the N-H vibration mode. A 
disappearance of the vibration mode around 1660 cm-1 due to the N-H bending. Amino groups 
react, under acidic conditions, becoming NH3+and vibrational modes belonging to NH3+ bending are 
found at around 1629 cm-1.  
Figure 5-41: FTIR absorption spectra, in the range 1700-1560 cm-1, of titania-amino mesoporous 
films functionalized with NaPTA. 
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BSA assay 
The effect of the immersion in protein-solution on the mesoporous films can be clearly observed 
from these spectra (Figure 5-42). Moreover, in Figure 5-42, in each panel, green line is referred to a 
functionalized film whereas the blue one is associated to the amino-titania film. Spectra of 
mesoporous film immersed in H2O (magenta line) and PBS (yellow line) show any changing in the 
maximum of the bands centered at 1640 cm-1 and 1631 cm-1, respectively. 
The broad peaks in the FTIR spectra hinder identification of peaks specific to carbonyl and amine 
groups in the chemisorbed regions of the protein identification (Figure 5-42). 
Figure 5-42: FTIR absorption spectra, in the range 1700-1560 cm-1, of the mesoporous amino-
titania films functionalized with NaPTA after immersion in protein-solution. 
In the spectra of mesoporous film in the H2O-BSA solution (Figure 5-42, cyano line), a peak around 
1640 cm-1 could be assigned either to O-H of absorbed water or random coil band of protein. Thus, 
with this approach for bands assignment and without any further characterization techniques, the 
identification of the peak is not univocally determined. 
Analogously, a similar behavior is observed in the titania mesoporous films in PBS-BSA solution 
(Figure 5-42, orange line), where the bands at 1629 cm-1 could be assigned to either α-helix of 
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protein or -NH2 groups of aminopropyl chain of APTES. Because of overlapping , once again, 
assignment it is not univocally determined. 
Regard to the behaviour of NaPTA in protein-solution, the Figure 5-43 show stretching at 977 cm-1 
belongs to W=O. 
Figure 5-43: Infrared spectra in W=O stretching region of mesoporous titania film functionalized 
with NaPTA after biological conditions 
In all case, a shift in the absorption maxima of the W=O band is induced by biological exposure. 
After dry of the film for removing most of absorbed water, the absorption spectrum shows different 
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5.4.2 Lysozime binding to anchored NaPTA in amino-silica mesoporous film  
Lysozime assay 
Figure 5-44 shows the spectra FTIR of the behavior with the biological conditions of the 
functionalized mesostructured silica film. For the sake of clarity, two main regions of frequencies  
a. 1000-700 cm-1, on the right 
b. 1700-1480 cm-1 on the left are discussed.  
Each row (a), (b) and (c) shows one experiment in the two chosen region.  
Regarding the 1000-700 cm-1, on the right, a shift in the absorption maxima of the band around 950 
cm-1 is induced by the biological conditions. Indeed, in each experiment (a, b and c row), the 
exposure to a lysozyme-solution in PBS (green line) cause a blue-shift in frequency of W=O from 
960 cm-1 (red line) to 967 cm-1 to due to a superimposition of Si-O-Si and W=O mode which is 
accompanied from a peak at 901 cm-1 (green line). 
Figure 5-44: FTIR absorption spectra of silica mesoporous films after lysozime solution in amide 
range (right) and fingerprint region (left). 
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On the contrary, the immersion in PBS solution present a slight red-shift from 960 to 958 cm-1, due, 
probably, to an interaction of phosphate groups with NaPTA. 
Moreover, after lisozyme-PBS (green line) the frequency at 725 cm-1is disapperead whereas a 
slightly red-shift is observed in PBS solution (cyan line). At this  wavenumber any superimposition 
of Si-O-Si to NaPTA signal was observed, then, The disappearance of this peak could related to a 
removing of NaPTA from the surface. 
Regarding the amino / amide region (1700-1480 cm-1, Figure 5-44, , on the left), after NaPTA ionic 
anchoring (red line one the right ), via acidic conditions, the absorption spectrum shows different 
features from the spectra of amino-titania film (black line) with a main peak located at 1525 cm-1 
due to due to protonated amino groups. After PBS-Lisozyme (green line), any new peaks was 
observed as well as after PBS-solution experiment. 
In conclusion, the shift and/or disappearance of specific peaks belonging to NaPTA with the 
biological conditions could reveal a remove of NaPTA, when lisozime-PBS solution is used and an 
interaction of PBS with NaPTA under buffer conditions. Without any further analysis, the 
increasing in the maximum of absorbance in the amide region that would reveal the presence of the 
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5.5 Prion protein binding to NaPTA anchored in mesoporous film 
5.5.1 Prion protein binding to NaPTA anchored in amino-silica mesoporous film 
Amino-silica mesoporous thin films have been functionalized with NaPTA and the films have been 
treated biological samples. In the figure depicted below, the behavior of the mesoporous film after 
biological test, studied with FTIR spectroscopy, is shown in the 1700-1580 cm-1 region (Figure 
5-49). In the following figures, each panel represent three different experiment in protein solution: 
• Negative brain homogenate (red line in (b), (c) and (d)) on the left 
• Positive brain homogenate (magenta line in (b), (c) and (d)) on the right 
Green line in each panel is associated with the “blank” test (PBS solution); blue line is referred to 
different amino-titania film functionalized with NaPTA before biological test and, finally, black one 
is referred to amino silica film before NaPTA ionic anchoring. 
Figure 5-45: FTIR absorption spectra, in the range 1700-1600 cm-1, of amino-silica mesoporous 
films functionalized with NaPTA as a function of biological conditions. 
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In mesoporous amino-silica film investigated in negative brain (Figur5-45), intramolecular β-sheet 
structures was indicated by a individual band with characteristic peak positions at 1637 cm-1 in (a) 
and (c) panel, and 1631 cm-1in panel (b). 
Heterogeneity in the behavior could be observed in mesoporous film incubated in positive brain. 
Indeed, typical but very broad absorption features were observed at 1641 cm-1 (panel (e)), 
characteristic of unordered structure; 1623 cm-1 could be assign to an intermolecularly hydrogen 
bound amide I >C=O groups in β-sheets (panel (f)). Finally, the components between at 1637 cm-1 
(panel(d)) most likely indicate peptide >C=O groups involved in intramolecular β-pleated sheet 
structures. 
Moreover, similar broad peak were observed if considered mesoporous film in PBS-solution (green 
line, Figure 5-45. 
In conclusion, without any discrimination between PrPc/PrPsc, a probably immobilization of protein 
could be observed. In order to confirm the presence of protein on mesoporous film, a detection 
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5.5.2 Prion protein detection with PK digestion in amino-silica mesoporous films 
Historically, proteinase K-resistance has been used to distinguish PrPC from PrPSc. If a mixture of 
PrPC / PrPSc and a lot of other protein were immobilized on the surface because of NaPTA-
interaction, a treatment of mesoporous film PK generates a PK-resistant core on the film and a 
mixture of oligomers in solution. FTIR spectra should reveal a β-sheet enrichment in the amide I 
region with an increase of adsorption peak around 1620 cm-1. Then, in order to enhance 
discrimination between the two different isoforms (PrPc and PrPsc) three different mesoporous film , 
after incubation in brain homogenate (positive and negative) were treated with a solution of 
Proteinase K. The experiment were carried at 37°C for 3 h; after dried at 60°C, to remove most of 
water, FTIR spectra were recorded on the mesoporous film. 
Figure 5-46: FTIR absorption spectra, in the range 1700-1580 cm-1, of amino-silica mesoporous 
films functionalized with NaPTA as a function after biological incubation followed by Proteinase K 
treatment (Filled symbol indicate the mesoporous film before incubation, Empty symbol indicate 
the incubated-mesoporous film). 
An heterogeneity in behavior of mesoporous film incubated in positive brain followed by PK 
treatment (Figure 5-46). A comparative FTIR study of the structure of immobilized protein on the 
film has demonstrated that, in general, PK treatment could not discriminate. Since the FTIR of non-
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PK-treated films in comparison to FTIR spectra from PK-treated, in the regions containing 
absorption bands, show a heterogeneity in the behavior.  
The β-sheet, α-helix band components were not always clearly resolved in the spectra from non-
PK-treated films and PK-treated, suggesting significant variations between the protein in the 
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5.5.3 Prion Protein binding to NaPTA anchored in amino-titania mesoporous 
Preparation of film via NaPTA ionic anchoring 
FT-IR spectra show the characteristic IR fingerprints of the starting functionalized titania amino 
mesoporous film in the region from ca. 1000 to 950 cm-1, attributed to stretching vibrations of 
W=O. Figure 5-47 reported the spectra of different mesoporous film prepared under the same 
experimental conditions in order to evaluate the reproducibility and the homogeneity of them.  
These characteristic IR absorption data are very useful to identify the incorporation of the NaPTA 
on the surface by ionic anchoring (Figure 5-47). 
Figure 5-47: FTIR spectra of functionalized mesoporous amino-titania film in the range from 1000 
to 950 cm-1. 
The organoamino functionalized titania film complex the NaPTA molecules via R-NH3+ groups by 
electrostatic interaction, hydrogen bonding and other non-covalent forces.  
Shifts of the peak positions centered at ≈ 977 cm-1 may be due to chemical interaction between the 
W=O and the amine-functionalized mesoporous titania support. 
An explanation for the band shifts and their direction is that host-guest interaction between the 
negatively charged terminal oxygen of the NaPTA and the -NH3+ terminal functional group on the 
surface of TiO2-APTES which although weak, can be expected to promote redistribution of local 
electrons on the polyoxometalate. The redistribution can be expected to decrease the electron 
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associated red shift as indicated by IR spectra. Ionic anchoring of NaPTA could be confirmed 
through this spectroscopic analysis. 
Prion protein assay 
• Negative brain homogenate 
In the following Figure 5-48, the behavior of four different mesoporous film after biological test is 
shown. For the sake of clarity, two main regions of frequencies: 
a. 1700-1580 cm-1 region  
b. 1000-800 cm-1 region are discussed. 
In the following figures, each panel represent:  
a. three different experiment in protein solution (red line in (b), (c) and (d))  
b. the forth (green line in (a)) is associated with the “blank” test (PBS solution).  
Blue line in each panelis referred to three different amino-titania film functionalized with NaPTA 
before biological test. 
1700-1580 cm-1 region: After dry in oven at 60 °C for removing most of H2O, amide peak 
of the incubated mesoporous amino-titania film functionalized with NaPTA (Figure 5-48), is 
characterized by an asymmetric absorption due to two different kind of amino groups associated 
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Figure 5-48: FTIR spectra of mesoporous film functionalized with NaPTA after biological 
conditions. 
After PBS solutions (panel (a) in Figure 5-48), absorptions at the 1621 cm-1 and at 1667 cm-1 were 
observed. Similar behavior was observed in the experiment (b) in which negative brain was used. A 
broad absorption in the interval 1700-1580 cm-1 in panel (c) and (d), with apparent maximum at 
about 1640 cm-1, is presumably due to the presence of physio-adsorbed water, which is not directly 
interacting with acid protons.  
All these spectra are different from that of the starting films and that a certain resemblance is found 
with that of spectra of titania-amino film before ionic NaPTA anchoring (cfr Figure 5-41) leading to 
an different amino groups because of NaPTA hydrolysis. 
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1000-800 cm-1: Absorptions in the region of metal-oxygen skeletal modes of the NaPTA are 
greatly modified (Figure 5-48).  
The interaction in PBS solutions leads to the disappearance of the band corresponding absorbance 
peak of NaPTA: 983 cm-1 (W=O), 896 (W-O) cm-1 and strong decrease in 816 cm-1 (W-O-W). 
Similar behavior was observed in the film (b), whereas film in panel (c) and (d) has shown a 
decrease in the same signals. 
In conclusion, the comparison of the IR spectra of PBS and PBS/negative brain homogenate system 
shows common features, which give a strong evidence of the fact that NaPTA ionic anchoring has 
been removed. 
• Positive brain homogenate 
A comparison must be made with positive brain homogenate (under analogous biological and 
temperature conditions), to prove the hypothesis of the specific ligand for PrPsc and to show that the 
NaPTA formed discrimination interaction species with the pathological form of PrPc  
In the figure depicted below, the behavior of the mesoporous film after biological test is shown. For 
the sake of clarity, two main regions of frequencies:  
a. 1700-1580 cm-1 region (Figure 5-49)  
b. 1000-800 cm-1 region (Figure 5-49) are discussed.  
In the following figures, each panel represent:  
a. three different experiment in protein solution (magenta line in (b), (c) and (d))  
b. the forth (green line in (a)) is associated with the “blank” test (PBS solution).  
Blue line in each panel is referred to three different amino-titania film functionalized with NaPTA 
before biological test. 
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Figure 5-49: FTIR spectra of mesoporous film functionalized with NaPTA in biological 
experiment. 
A number of modifications can be observed, in particular:  
? the intensity and the maximum of absorbance of the broad band in the 170000-1580 cm-1 range 
changes;  
? disappearance of vibrational modes due to W=O (977 cm-1) and W-O-W (896 cm-1) of NaPTA 
? a decrease in peak absorption appears in the 819 cm-1. 
In conclusion, regardless the sample properties (positives and negative brain homogenate and PBS 
solution, it is suggested NaPTa-hydrolisys under these biological conditions. 
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This behavior could be attributed to: 
a. Changing in pH-solution. Formation of amino-NaPTA interaction is carried out in a solution 
at pH ≈ 2-3, in which amino group could be protonated. Biological test are performed in 
PBS solution at pH ~ 7.4 in oreder to avoid the protein-denaturation. 
b. Complexity of real samples in which different nucleophilic species could interact with 
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5.6 Branched Polyamines and Congo Red as ligand in Capture/Detection of Prion Protein 
Capture of proteins 
Branched polyamines, including polyamidoamide dendimers, polypropyleneimine, and 
polyethyleneimine (Table 5-4), are able to purge PrPSc, the protease-resistant isoform of the prion 
protein, from scrapie-infected neuroblastoma (ScN2a) cells in culture[222].  
Table 5-4: Removal of PrPSc by polymer ompounds. 
 
The removal of PrPSc by these compounds depends on both the concentration of branched polymer 
and the duration of exposure.  
The ability of these compounds to eliminate PrPSc from ScN2a cells depended upon a highly 
branched structure and a high surface density of primary amino groups. The most potent 
compounds identified were generation 4.0 polyamidoamine (PAMAM) and polypropyleneimine 
Compound Molecular weight Primary NH2 gropus 
PAMAM generation 0.0 517 4 
PAMAM generation 1.0 1,430 8 
PAMAM generation 2.0 3,256 16 
PAMAM generation 3.0 6,909 32 
PAMAM generation 4.0 14,215 64 
PAMAM-OH generation 4.0 14,276 0 
PPI generation 2.0 773 8 
PPI generation 4.0 3,514 32 
Low-MW PEI ~25,000  
Average-MW PEI ~60,000  
High-MW PEI ~800,000  
Linear PEI ~60,000  
poly(L-lysine) ~60,000 >5 
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(PPI) dendrimers. Dendrimers are branched polyamines manufactured by a repetitive divergent 
growth technique, allowing the synthesis of successive, well defined “generations” of homodisperse 
structures (Figure 5-50) [222].  
Figure 5-50: Schematic diagram of PAMAM, generation 2.0 (ethylene diamine core). Successive 
full generations are indicated by concentric circles. 
Detection of protein 
Congo red is a commonly used histological dye for amyloid detection. The specificity of this 
staining results from Congo red's affinity for binding to fibril proteins enriched in β-sheet 
conformation [223]. 
Congo red, with chemical name 3,3′-[(1,1′-biphenyl)-4,4′-diylbis(azo)]bis-(4-amino-1-naphthalene 
acid) disodium salt, is a symmetrical linear molecule (Figure 5-51).  
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Figure 5-51: Chemical structure of Congo red. Estimated diameter of molecule is 21 Å. The 
generic structure can be seen as terminal groups attached via azo bonds to a linker center. 
The hydrophobic center is composed of two phenyl rings, linked through diazo bonds, to two 
charged terminal naphthalene moieties. These terminal parts of CR contain sulfonic acid and amine 
groups. The diameter of the molecule is estimated to be approximately 21 Å [224].  
Tissue amyloids have traditionally been defined as amorphous proteinaceous aggregates with 
distinctive tinctorial attributes after being exposed to alkaline solution of CR. They appear red at 
normal light but yellow/green (“apple green”) between crossed polarizers (the complementary 
spectral color). Binding to amyloid induces a characteristic shift in CR maximal optical absorbance 
from 490 nm to 540 nm. Investigations of amyloid composition, performed by Cohen[225] using 
electron microscopy, and by Glenner and colleagues using X-ray diffraction and infrared 
spectroscopy [226] revealed that amyloidal constituents possessed fibril configuration. 
The mechanism of interaction of CR with amyloid fibrils is not well understood. It is generally 
believed that CR binding depends on the secondary configuration of the fibril, consisting 
predominantly of cross β-pleated sheets [226, 227] The structure of CR suggests that binding could 
occur through a combination of hydrophobic interactions of be-benzidine centers and electrostatic 
charged terminal groups. Probably two negatively charged sulfate groups of CR, and two positively 
charged amino acids residues of two separate protofilaments enable that affiliation. 
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5.6.1 Preparation of ‘dendrimer-like’ highly branched polymer onto silica surface 
Polyamidoamine dendrimer is synthesized by repeating two processes: (1) Michael addition of acryl 
ester, such as methyl acrylate (MA), to ammonia as an initiator core, and (2) amidation of resulting 
ester moieties with alkylene diamine, such as ethylenediamine.  
To graft a highly branched polymer onto silica film, the grafting of polyamidoamine dendrimer onto 
the surface was investigated. Figure 5-52 shows the illustration of the theoretical product, i.e., 
polyamidoamine dendrimer grafted silica. The grafting of polyamidoamine dendrimer onto the 
surface was tried by repeating two processes involving: (1) Michael addition of MA to amino 
groups as an initiator site introduced onto silica surface, and (2) terminal amidation of the H2N 
resulting esters with ethylenediamine. 
Figure 5-52: Theoretical illustration of polyamidoamine dendrimer-grafted silica. 
It is well known that silanol groups on the silica surface readily react with silane coupling agent to 
give surface functional groups.  
FTIR characterization of functionalized mesoporous film 
Therefore, the introduction of amino groups onto silica surface as an initiator site was achieved by 
the treatment of silica with APTES. 
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Figure 5-53 shows FTIR spectra of mesoporous silica film treated with APTES (black line). In the 
spectra of amino-silica film treated, a new absorption at 1637 cm-1, which is characteristic of amino 
group, was observed. This result suggests that amino groups were introduced onto the silica surface. 
Figure 5-53: FTIR spectra of dendrimer-like highly branched polymer grafted on mesoporous 
silica. 
Figure 5-53 shows the IR spectra of dendrimer-like highly branched polymer grafted silica at 2th 
generation. It became apparent that the new absorption peak at 1650 cm-1, which is characteristic of 
amide groups, indicate the complete reaction with EDA. Moreover, the absorption at 1736 cm-1 
suggests the presence of ester bonds (Figure 5-53, red line), and the disappearance after reaction 
with EDA indicate the complete amidation with EDA the complete amidation (Figure 5-53, green 
line). Based on the above results, it was concluded that dendrimer-like highly branched polymer 
was grafted from amino groups on silica surface and denoted as SiO2-G1.0 (mesoporous silica film 
fuctionalized with APTES, methyacrilate (MA) and ethylendiamine (EDA)) 
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5.6.2 Binding and Detection of Prion Protein in silica mesoporous films 
Protein Capture  
Amino-silica mesoporous thin films have been functionalized with dendrimers (SiO2-G1.0) and 
then, films have been treated in biological samples. In the figure depicted below, the behavior of the 
mesoporous film after biological test, studied with FTIR spectroscopy, is shown in the 1720-1580 
cm-1 region (Figure 5-49). Moreover, in the following figures, in each panel two different 
experiments for each kind of sample (positive and negative brain homogenate) were reported: 
Figure 5-54: FTIR spectra of dendrimer mesoporous silica incubated in negative and positive brain 
homogenate. (Filled symbol indicate the mesoporous film before incubation, Empty symbol 
indicate the incubated-mesoporous film). 
FTIR spectroscopy was used to directly investigate the capture of prion proteins associated with 
different conformation of proteins in mesoporous functionalized silica film. 
In dendrimer mesoporous silica film incubated in negative brain different feature in the spectra was 
observed. A very characteristic band component which is could be assigned to α-helical structures is 
observed in Figure 5-54 (empty circle line), whereas in the second sample (Figure 5-54, empty 
square line) two distinct β-sheet features between 1620 and 1667 cm-1 were detected. 
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Regard to mesoporous film incubated in positive brain, less heterogeneity was observed. Both films 
present a β-sheet component between 1620 and 1630 cm-1(Figure 5-54). An intense α-helical band 
component centered at 1656 wavenumbers (Figure 5-54, empty circle line) is observed 
accompanied by an intramolecular hydrogen bonded β-sheet structure ted at 1630 cm-1 as a shoulder 
peak (Figure 5-54, empty circle line). The components at this wavenumber most likely indicate 
peptide >C=O groups involved in intramolecular β-pleated sheet  structures (Figure 5-54, empty 
circle line). On the other side, β-sheet features at 1620 cm-1 can be assign to an intermolecularly 
hydrogen bound. In order to discriminate between the two forms of the prion protein, a detection 
selective approach for PrPsc has to be performed by using Congo Red dye. 
Prion detection by using Congo Red 
FTIR spectra of the detection effect of Congo Red in mesoporous silica film, experimentally 
“infected” with brain homogenate, has shown in Figure 5-55. 
Figure 5-55: FTIR spectra of mesoporous silica functionalized with dendrimers after Congo Red 
treatment.  
Regard the mesoporous film in positive brain and treated in Congo Red solution, FTIR spectra 
showed a different  feature in the range 1680-1620 wavenumbers. An α-helical absorption band 
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with a characteristic frequency at 1659 cm-1 (Figure 5-55, cyan line) is observed. Then, β-sheet 
form of the protein, associated with the 1622 and 1667 cm-1, has been reacted with Congo Red, 
leading on the mesoporous surface the α-helix component.  
On the contrary, analyzing FTIR spectra for mesoporous film in negative brain and treated in Congo 
Red solution, any changing in feature of the spectra was observed.  
However, without any further analysis, an assignment of the observed amide I band components to 
protein secondary structures on the basis of changes in these spectral characteristics remain 
speculative. 
Luminescent Conjugated polymer                                                         Results and discussion 
165 
Sonia Fresu-Development of mesoporous thin film for capture-detection of prion protein 
Tesi dottorato in Biochimica, Biologia e Biotecnologie Molecolari-Università degli studi di Sassari 
5.7 Luminescent Conjugated Polimers doped in mesoporous films 
Conjugated polymers have been found useful in a wide range of applications such as solar cells, 
sensor elements and printed electronics, due to their optical and electronic properties. 
Functionalization with charged side chains has enabled water solubility, resulting in an enhanced 
interaction with biomolecules[228]. 
Conjugated polyelectrolytes (CPEs) have shown large potential in biomolecular detection where the 
optical read out is due to the geometrical alternation in the backbone and aggregation state. 
The conjugated backbone of the CP with alternating single and double bonds forms the bases for 
their electrical and photophysical properties. Geometrical alternation in the backbone visualized as 
chromic or electrical change, can be used as the sensor functionality. CPs also have the advantage 
that a collective response can amplify the read out compare to small molecule based sensors [228] 
The CPs can be made water soluble by adding charged side chains to the polymers. Theses 
conjugated polyelectrolytes (CPEs) can form interaction with biomolecules and thereby open new 
routes for designing biological sensors. 
A conjugated polymer is an organic molecule where the backbone of the polymer is built up by 
carbon atoms covalently connected via alternating single and double σ-bonds [229]. This 
alternation, called π–conjugation, gives highly delocalized electrons (π–electrons) that can move 
quite freely along the polymer chain. The distance an electron can move along the chain is called 
the conjugation length. Due to these π– electrons, conjugated polymers have unique one-
dimensional electronic and optical properties. When conjugated polymers are in their undoped state, 
they are medium to wide band gap semiconductors making them quite poor conductors. However, 
the conductivity can be tuned by doping and high conductivity can be obtained. Changes in 
bsorption and photo-luminescence related to the doping and conformational state can also often be 
observed [230, 231]. The basic structures for some commonly used conjugated polymers are shown 
in Figure 5-56 
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Figure 5-56: Basic chemical structures of some commonly used conjugated polymers. 
a)polyacetylene, b) polyparaphenylene, c) polythiophene, d) PEDOT. 
Orbital Structure: Carbon, the main building block of most conjugated polymers, has six electrons 
of which four are valence electrons. In conjugated polymers, three of these valence electrons, two 
2p and one 2s, form three sp2 hybridized orbitals. Two of the sp2 orbitals are responsible for σ-
bonds (Figure 5-57b) in the polymer backbone and the third sp2 forms a σ-bond with the side chains 
of the polymer. The remaining unhybridized pz orbital points orthogonally to the σ-bond orbital 
plane, and can overlap with the pz orbital of neighboring carbon atoms to form a π–bonds (Figure 
5-57c). This π–conjugation,  resulting into delocalization of electrons along the polymer backbone, 
are dominating when it comes to optical and electronic properties for conjugated polymers. The π-
band forms the valence band with the highest occupied molecular orbital, HOMO, while the π*-
band forms the conduction band with the lowest occupied molecular orbital, LUMO (Figure 5-57d). 
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Figure 5-57: a) Conjugated segment of a backbone (polyacetylene). b) sp2 orbitals forming σ-bonds 
in the polymer backbone. c) pz orbitals forming π-bonds in an orthogonal direction to the σ-bond 
plane. d) Sketch of the HOMO-LUMO levels. 
Photophysical Properties: Conjugated polymers absorb a photon when the photon energy matches 
the band gap for the polymer [232]. Due to molecular vibration of the C-C bonds in the conjugated 
system, conjugated polymers have discrete levels in both the ground (π-band) and excited state (π*-
band). When a photon is absorbed, an electron is excited from the singlet ground state S00 to any of 
the vibrational levels in the excited S1m states (Figure 5-58). 
Figure 5-58: The principles for absorption and emission for a conjugated molecule. a) The 
transitions between ground and excited state for absorption and emission. b) Example spectra for 
absorption (abs) and emission (em). 
Conjugated polymers generally have, due to polydispersity of the material, difference in the 
backbone conformation and aggregation phenomena, a broader adsorption and photoluminescence 
spectra compared to small more stiff molecular dyes. 
Conjugated Polyelectrolytes: A conjugated polymer backbone has very poor solubility in most 
solvents. By introducing side chains, the solubility can be increased and thereby their processability 
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and compatibility to different solvents. For interaction with biological material solubility in polar 
solvents is crucial and water soluble CP can be achieved by synthesizing polymers with charged 
side chains. The introduced charges make the CP to a polyelectrolyte, and therefore we use the term 
conjugated polyelectrolytes (CPEs) for this class of conjugated polymers. Some examples of 
reported water soluble CPEs are polythiophene [233, 234], polyphenylene vinylene [235], 
polyphenylene ethynylene [236] and polyaniline [237]. In this thesis, CPEs based on 
polythiophenes have been used (Figure 5-59). The names of the CPEs are mainly trivial names, 
with some exceptions i.e. that the letter t in the beginning indicates a trimer version. 
Figure 5-59: The chemical structure of the repeating units of the conjugated polyelectrolytes  
The CPEs used are polymerized from either monomer (POWT, POMT, PTAA) or trimer units 
(tPOMT). There are some differences between these polymers. The first is that the polymerizing 
process gives a more polydisperse material for monomer based polymers compared to trimer based 
polymers. POMT range from 11-26 monomers in size [238], while its trimer version tPOMT 
consists of ca 80% 12 repeating and 20% 9 repeating thiophene rings in its backbone. Another 
difference is that tPOMT gives a regioregular polymer while POWT, POMT and PTAA are 
regioirregular with random distribution of the side chain position. The more controlled length and 
structure opens for more defined photophysical properties of tPOMT. Many polythiophenes are 
sensitive to external stimuli, giving chromic transition as well as changes in the electrical properties 
[239]. For optical transitions, the effects from different stimuli have been termed solvatochromism 
(solvents) [240], thermochromism (heat) [241], photochromism (light) [242], ionochromism 
(chemicals) [243] and biochromism (biomolecules such as proteins)[244]. The later phenomena can 
be used  for biosensor functionality. The induced changes are due to geometrical alternations on a 
single polymer chain level or a collective response of the aggregation status for multiple inter-
molecular polymer interactions. Intra-molecular conformational changes in the conjugated 
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backbone give rise to change in the conjugation length [245]. It is often steric interactions, which 
are responsible for the resulting twisting associated with a spectral blue shift or planarization 
associated with a spectral red shift [239]. Red shift and reduction in the photoluminescence 
intensity can also be obtained through inter-chain processes due to aggregation of polymer chains 
[246]. The exact reason for spectral and  intensity shifts is in many cases not yet fully understood. 
Geometrical changes on nonconjugative polymers has been thoroughly reviewed supporting the 
above main theory,  even though they have less rigid backbone structure compared to conjugative 
polymers [247]. A special case of twisting is when a helical geometry is induced, evident by i.e. 
absorption difference of right handed and left handed circular polarized light in the 300 - 700 nm 
range of circular dichroism (CD) measurements [248]. Whether the helical geometry is an intra-
chain phenomena [249, 250] or a result of helical pi-stacking of several conjugated polymer 
molecules [248, 251] is still an open question (Figure 5-60). 
Figure 5-60: Different possibilities for helical organization of polythiophene backbones. a) Helical 
transoid. Intra-chain rotation of the thiophene ring angles orthogonally to the backbone direction. b) 
Helical cisoid. Intra-chain twisting of the backbone into a circular geometry. c) Helical packing. 
Inter-chain stacking of several polymer chains into a helical spiral. 
Some initial studies have been done to evaluate the geometrical status of the CPEs used in our 
group. Dynamic light scattering (DSL), fluorescence correlation spectroscopy (FCS) and 
ultracentrifuge measurements points towards that they forms clusters of various sizes in water-based 
solutions. DLS and FCS gives an estimation that clusters of more than 500 polymer chains (3400 
g/mol) or 1 µm in diameter is present when POWT is solved in double distilled water. However, the 
DLS measurements also show traces that there might be particles with a radius of a few nm in the 
solution, indicating that very small clusters or individual chains also can be present at the same 
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time. The ultracentrifuge measurements on two polymers called tPOWT and tPTAA (trimer 
versions of POWT and POMT) in acidic respectively basic solutions have given a cluster size of 
circa 10 polymer chains [99]. 
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5.7.1 Preparation of amino-titania films for PTAA doping 
Behavior of thiophene-based LCPs, PTTA, in mesoporous and sol-gel TiO2-APTES film will be 
observed. These two kind substrate of titania were used for structure / functionality evaluation of 
the properties influencing the interaction between LCPs and NH2 / NH3+-environment. The 
mesostructured materials were designed to have different NH2 / NH3+-environment properties as 
well as alterations in steric congestion. Interaction of the surface with PTAA in solution have been 
studied and evaluated by means of their optical properties.  
In this study, samples labeled as TA denote the hybrid mesoporous Ti0.8(Si(CH2)3NH2)0.2O0.9 
prepared via one-pot synthesis, TAxy (where x and y correspond to the ratio TiCl4 / APTES, 
respectively, Table 5-5) and TAxy-PTTA are the corresponding hybrid mesoporous film immersed 
in PTAA solution. 
Table 5-5: Observed mesoporous samples 
Mesoporous film Sol-gel film TiCl4 APTES 
TA10 TDA10 10 0 
TA91 TDA91 9 1 
TA82 TDA82 8 2 
TA73 TDA73 7 3 
TA64 TDA64 6 4 
TA55 TDA55 1 1 
Analogously, samples labeled as TDA denote the hybrid sol-gel Ti0.8(Si(CH2)3NH2)0.2O0.9 prepared 
via one-pot synthesis, TDAxy (where x and y correspond to the ratio TiCl4 / APTES, respectively 
see table) and TDAxy-PTTA are the corresponding hybrid sol-gel film immersed in PTAA solution. 
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FTIR characterization of amino-titania films 
The incorporation of amine groups in the mesoporous and sol-gel TiO2-APTES frameworks can be 
qualitatively confirmed by the FTIR.  
Mesoporous TiO2-APTES Film 
FTIR spectra of stabilized mesoporous film are not informative regard the amount of amine because 
of superimposed bands due to the presence of surfactant Pluronic F127. 
Sol-gel TiO2-APTES Film 
FTIR spectra in Figure 5-61 show the characteristic band of the inorganic framework and the 
organic function incorporated in the sol-gel samples.  
Stretching νCH  band, corresponding to the methylene residues belonging to the aminopropyl group, 
are present in the region 3000-2800 cm-1 are not informative regard the amount of amine.  
Figure 5-61: a) FTIR spectra of sol-gel amino-titania in function of APTES; b) Evolution of the 
integrated intensity of the Si-O-Ti (~980 cm-1) depending on APTES concentration. 
Figure 5-61 shows the FTIR spectra of the batch of sol-gel amino-titania film deposited onto silicon 
substrate. It is worth noting that any band is observed in the 1250-850 cm-1 zone in the sol-gel 
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TDA10, whereas the intensity of the signals were increased with the concentration of APTES (From 
TDA91 to TDA1:1 ratio, Figure 5-61a). The bands attributable to the stretching of M-O-Si are 
observed in the 800-1000 cm-1 region, indicating a good interdispersion of M and Si centre (Figure 
5-61a). 
To an increase in the intensity of the bands belongs to the M-O-Si (Figure 5-61) corresponds an 
blue-shift in terms of wavenumbers depending of the different framework organization.  
Ellipsomety Characterization of sol-gel film 
Qualitative information on the behavior of mesoporous and sol-gel amino-titania could be obtained 
by performing thickness measurement. The thickness of a thin film can be measured by 
ellipsometry and data were acquired at each film deposited on silicon substrates from solution in 
which percent APTES concentration range from 0% to 50%. Thickness and refractive index are 
depicted in the Figure 5-62. 
Figure 5-62: Thickness and refractive index of sol-gel amino-titania film as a function of APTES 
concentration. 
A decrease in refractive index from 1.37 to 1.32 is observed as a function of APTES concentration. 
This decrease is more evident sol-gel film, from ~2.05 to 1.75 (Figure 5-62, on the right), whereas 
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Regard the thickness, to an increase in sol-gel film correspond and irregular behavior in 
mesoporous film. This relationship between APTES concentration and thickness of amino-titania 
film could due to an surface functionalizzation of sol-gel film. 
The reaction of APTES with titania gel have shown that hydrolysis and cross-linking take place on 
the silica surface. On the other hand, because of pores, in mesoporous films cross-linking of 
APTES, is more homogeneously distributed internal surface.  
In the Figure 5-63  the change in porosity of the mesoporous samples as function of APTES- is 
shown. The porosity, was calculated from the refractive index at 633 nm, measured by ellipsometry, 
using the Maxwell equation:  
P= [1-(n2-1) /(n02-1)]x100 
with n the measured refractive index of the film and taking and n0  as the refractive index of the 
fully densified titania (for each value of APTES concentration). 
Figure 5-63: Porosity as a function of the APTES concentration. 
The porosity of the films in which the organic template was not yet completely removed was 
calculated. As the APTES concentration increase, an expected decrease of porosity was observed. 
At 1:1 ratio (sample TA55) the porosity is around 25%. 
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Optical characterization of amino-titania film dopoed with PTAA 
Fluorescence 3D 
A general overview of the response to excitation at different wavelengths is given by 3D excitation-
emission-intensity spectra reported in   
Figure 5-64 for the mesostructured and sol-gel sample Figure 5-65 prepared at six different APTES 
concentrations. The spectra show excitation (x-axis) vs emission (y-axis). Intensity is reported in a 
color scale; oblique lines in some images are due to scattering effects. Excitation and emission 
spectra were recorded from thin film that were positioned parallel to the light source. All spectra 
were recorded with excitation in the range 200-800 and emission in the range 200-700 nm. 3D-
fluorescence has been performed and then, a new emission spectra were recorded at 430 nm 
excitation, without moving the samples. 
Mesoporous amino-titania film 
The effect of APTES concentration on the fluorescence emission and excitation can be clearly 
observed (Figure 5-64).  
Figure 5-64: 3D excitation-emission-intensity spectra of PTAA-doped mesoporous amino-titania 
films as a function of the amine concentration.  
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In mesoporous film TA10, exciton splitting is observed and the fluorescence emission is mainly due 
to J-type aggregates (Figure 5-64a). At the lower concentrations of APTES, the main contribution to 
the fluorescence is given by the J-type aggregates even if excitation splitting decrease (TA91; 
Figure 5-64). The image of the fluorescence of PTTA in the sample TA73 shows that the emission 
has an intensity peak around 500 nm in correspondence to an excitation of 380 nm (Figure 5-64d). 
The slightly distorted shape of the image indicates that even at low concentrations a contribution 
from different fluorescent species (J-dimers). At 6:4 ratio, TA64, an asymmetric image is generated 
of emission fluorescence. In the sample the emission of PTTA appears asymmetrically red-shifted; 
this is an indication that the fluorescence is due to monomeric species as far as fluorescent 
aggregates were formed. At highest APTES concentrations, the maximum of J-dimer fluorescence 
of PTTA is observed (TA11; Figure 5-64f); the large excitation range indicates a large distribution 
of J-dimer aggregates. Figure 5-64c shows 3D excitation-emission-intensity spectra in mesoporous 
TA82 samples which seems to be the optimum APTES concentration due to the formation of 
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Sol-gel amino titania film 
The effect of APTES concentration on the fluorescence emission and excitation of PTAA in sol-gel 
amino–titania film can be clearly observed (Figure 5-65). 
Figure 5-65: 3D Fluorescence in excitation−emission-intensity spectra of PTTA sol−gel amino 
titania films as a function of the dye concentration. 
In sol gel titania film (Figure 5-65, panel (a)), the main contribution to the fluorescence is given by 
the monomeric form of PTAA, but the slightly distorted shape of the image indicates that even at 
very low concentrations a contribution from different fluorescent species (J-dimers) is present. At 
lowest APTES concentration (Figure 5-65, panel (b)), a blu shift in the emission peak is observed. 
The image of the sample with the highest APTES concentration (Figure 5-65, panel (f)), shows that 
the emission has two different intensity peak: the most intense around 560 and the second one, less 
intense around at 450 nm in correspondence to an excitation of 360 nm. The emission appears 
asymmetrically blue-shifted and the excitation ranges from 450 to 350 nm; this is an indication that 
the fluorescence is due to monomeric species. At higher APTES concentration (Figure 5-65, panel 
(c)), the red shift of emission fluorescence increases and an more asymmetric image is generated. 
At 7:3 ratio, exciton splitting is observed and the fluorescence emission is mainly due to J-type. At 
higher APTES concentrations, the fluorescence emission is blue shifted (Figure 5-65, panel (e)) and 
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In conclusion, mesoporous amino titania films with a TiCl4:APTES ratio 8:2, should be the 
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2D-Fluorescence emission spectra 
To evaluate the interaction between PTAA and NH2 / NH3+-environment, PTAA fluorescence 
response is observed after physo-adsorption in mesoporous and sol-gel TiO2-APTES film with a 
variable concentration of APTES with increasing amino groups content compared to the TiO2 
reference film.  
The optical properties, measured fluorescence, of the LCPs are highly pH-dependent because of the 
different degree of interaction with a different amino-surface.  
In the Figure 5-66 is depicted a probable pH-responsive surface which pass from to an enhance of 
NH3+ on the surface (Scheme 1A) to a proton-transfer (Scheme 1B) leading to a formation of 
neutral surface under basic conditions. 
Figure 5-66: Probable NH2/NH3+-environment TiO2-APTES of hybrid film 
Figure 5-67 shows wavelength shift and (panel (a) and (b))and associated variation in intensity of 
emission maximum of PTTA-doped mesoporous and sol-gel amino titania film. 
In sol-gel amino-titania film, the increase of APTES concentration within the films has produced a 
red shift of the emission spectra (panel (b)). This effect is characteristic of formation of fluorescent 
J-dimer species as the APTES concentration increase. On the contrary, any shift was observed in 
mesoporous amino-titania films ((panel (a)).  
Regard the variation in intensity of emission maximum, after 3D-fluorescence, any discussion could 
exist about the dependence of intensity as APTES-concentration because of heterogeneity of films. 
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On the other hand, performing the measurements in the same region of the film, before and after 3D 
fluorescence, an indication about photobleaching could achieved. 
Figure 5-67: (a)Wavelength shift and (b)Variation in intensity of emission maximum of PTTA-
doped mesoporous and sol-gel amino titania film 
Any photobleaching effect was observed sicne any variation in intensity was observed in sol-gel 
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5.7.2 Environment-responsive behavior of PTAA in amino modulable of -titania films. 
In order to evaluate structure/functionality of the properties influencing the interaction between 
LCPs and NH2 / NH3+-environment the behavior of thiophene-based LCPs, PTTA in mesoporous 
TiO2-APTES films. The mesostructured materials were designed to have different NH2 / NH3+-
environment properties. Interaction of the surface with PTAA in solution was studied and evaluated 
by means of their optical properties.  
Samples labeled as TiO2-APTES denote the hybrid mesoporous Ti0.8(Si(CH2)3NH2)0.2O0.9 and  
xTiO2-APTES (x= 4, 10) are indicate the corresponding hybrid mesoporous film immersed in a 
solution at pH 4 and 10. 
FTIR measurement  
FTIR spectra show the characteristic band of the inorganic framework and the organic function 
incorporated in the mesoporous samples. Stretching νCH  band, corresponding to the methylene 
residues belonging to the aminopropyl group and Pluronic F127, are present in the region 3000-
2800 cm-1 as reported in the figure below. 
Figure 5-68: Region of stretching of aminopropyl chain (NH, aliphatic chain) and OH groups  
Amino and / or ammonium groups are present in the hybrid film samples in the 3000-3500 cm-1 
(νNH) as a broad band which superimpose to the large bands of νOH of adsorbed water and surface 
OH groups as depicted in the Figure 5-68. 
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Figure5-69 show bending zone located in the 1500-1700 cm-1 region  which is informative for 
bending OH and NH. All samples show OH bending centered at 1660 cm-1 whereas sample 4TiO2-
APTES presents a shift toward lower wavenumber (1657 cm-1). 
Figure5-69: FTIR bending zone of OH, NH and NH+. 
Sample 4TiO2-APTES presents an asymmetric bending at 1548 cm- 1 and a specific NH+ bending at 
1498 cm-1 whereas 10TiO2-APTES show a typical NH bending at 1540 and 1450 cm-1. 
Samples TiO2-APTES, 4TiO2-APTES  and 10TiO2-APTES are used in the incubation with PTAA-
solution. 
3D-fluorescence 
Regard the optical characterization, intensity is reported in a color scale; oblique lines in some 
images are due to scattering effects. Excitation and emission spectra were recorded from thin film 
that were positioned parallel to the light source. All spectra were recorded with excitation in the 
range 200-800 and emission in the range 200-700 nm. 3D-fluorescence has been performed and 
then, a new 2D-fluorescence emission spectra were recorded at 430 nm excitation, without moving 
the samples. 
In order to evaluate PTAA and NH2 / NH3+-environment interactions, fluorescence measurement 
have been performed on 4TiO2-APTES, 10TiO2-APTES and TiO2-APTES after incubation in 
PTAA-solution as previously reported. In this section we have used the following abbreviations for 
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denoting samples after incubation: 4TiO2-APTES is indicated as 4TA82-PTAA, 10TiO2-APTES as 
10TA82-PTAA and TiO2-APTES as TA82-PTAA. 
Figure5-70: 3D Fluorescence spectra of doped PTAA amino-titania mesoporous film 
After immersion of the amino titania in a solution at pH 10 (Figure5-70, panel (a)) the main 
contribution to the fluorescence of PTTA is given from contribution of different fluorescent species 
(J-dimers). The image of the sample after immersion in solution at lowe pH (Figure5-70, panel (c)) 
shows that the emission has an intensity peak around 360 nm in correspondence to an excitation of 
470 nm. The emission appears slightly asymmetrically red-shifted and the excitation ranges from 
570 to 460 nm; this is an indication that the fluorescence is due to monomeric species as far as 
fluorescent aggregates. 
Mesostructured amino-titania films, represent a peculiar environment for fluorescent dyes, such as 
PTTA. Incorporation of PTTA in dense titania films favors preferential formation of H-type dimers, 
even in absence of APTES. Moreover the treatment of mesoporous film (TA82) at acidic pH. could 
improve the formation of monomeric species. 
In conclusion, mesoporous amino titania film, after acidic treatment, should be a good candidate in 
the biological applications, such as brain homogenate test. 
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6 Conclusion and future outlook 
Mesoporous silica and titania thin films have been synthesized using supramolecolar self-assembly 
with block copolymers as structuring agents and have been tested for stability under buffer 
conditions to mimic biological environment.  
Both mesoporous metal-oxide film (TiO2, HfO2 and ZrO2) as well functionalized film (amino-
titania) have shown a good stability under biological conditions since the functionalization has been 
performed via co-condensation approach. Loss of amino functionality was observed in mesoporous 
film prepared via post-grafting, even in very short period of time (2h at room temperature).  
According to the low stability of SiO2 framework in the presence of water, a complete hydrolysis 
was observed for silica mesoporous film. On the other hand, the introduction of aminorganosylane 
(APTES) in the framework, via co-condensation, have increase the stability and a partial reduction 
in silica thickness was observed. 
In order to identify adsorption or immobilization of proteins in mesoporous films, FTIR 
characterization technique have been used. Unfortunately, FTIR characterization, because of 
superimposed signals in the diagnostic regions, without any further characterization, the assignment 
of peaks, is not univocally determined. 
Fluorescence spectroscopy, performed for dopoed PTAA-amino titania films characterization, has 
been revealed as a good technique in evaluation, even, of slightly difference in experimental 
conditions. 
Moreover, 3D-Fluorescence should be able of showing the behavior of ligand and its modification 
because of interaction with proteins, in the range of interest (200-800 nm). 
To continue the research in the interface of biology and mesoporous film and / or nanoparticles, 
further understanding of the stability of NaPTA in mesoposous film is vital (if NaPTA has to be 
considered the most selective in prion capture). Characterization methods such as Fourier 
Transform Infrared Spectroscopy (FTIR) in combination with other characterization analysis of film 
accompanied to test of biological solutions could give a understanding both of the capture 
properties of mesoporous film functionalized with selective ligand (NaPTA, dendrimers, antibody 
and so on.) and the binding interaction with biomolecules. 
After separation of the functionalized film with the protein-ligand complex from the biological 
samples, the complexes would be analyzed by Florescence and / or FTIR and the biological solution 
could be used to be run an western blotting and / or ELISA method.  
  Conclusion and future outlook 
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There are still a lot of question marks how optimize the film preparation and how a controlled 
functionalized film could better interact with the biological surroundings. 
The present research project developed in this thesis could be considered as a preliminary effort in 
the nanotechnology field in protein capture in “real system”, such as brain homogenate.  
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